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To my parents 
i 
ABSTRACT 
This thesis describes an experimental investigation of the trailing 
vortex structure and of the mixing characteristics in a stirred vessel 
stirred by either one or two Rushton impellers. 
Time-resolved and angle-resolved (ensemble-averages over 1 0 of impeller 
shaft revolution) measurements of the velocity variations were obtained 
by laser-Doppler anemometry in a vessel of 100 mm diameter stirred by 
either one or two Rushton impellers. From the time-resolved 
measurements, the auto-correlation functions, power spectra and 
temporal scales of the flows induced by both impeller configurations 
were also obtained. 
The measurements show that the turbulence in the trailing vortex 
streams is anisotropic and the flows are strongly periodic within a 
region surrounding the impeller. With two Rushton impellers, the 
trailing vortex structure and the size of the periodic flow region is 
altered conSiderably. 
The angle-resolved velocity measurements were compared with those 
obtained in a stirred vessel of similar geometry and of 294 mm diameter 
to establish the effect on vessel size. The results indicated that the 
flows in the two vessels are essentially similar. 
ii 
In order to measure the mixing time across the whole vessel, a novel 
experimental technique was developed. The technique made use of 
temperature as a passive scalar to determine the transient 
temperature/ concentration field in the vessel. Liquid crystal tracers 
were suspended in the flow and the temperature field was recorded and 
analysed by means of a video digital image processing system. The 
technique was applied to investigate the effect of impeller speed on 
mixing time. Both qualitative and quantitative mixing time 
measurements were obtained for flows agitated by one and two 
impellers. 
The results obtained from the above investigations are analysed and 
their implications for related CFD predictions and process design are 
discussed in detail. 
iii 
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Fluid mixing processes form a Significant part of the operation of a 
number of industries, such as, chemical, biochemical, pharmaceutical, 
food processing, etc. Mixing processes are usually accomplished in 
mechanically stirred vessels. These vessels are generally used to perform 
several functions, such as, blending of miscible and immiscible liquids, 
suspension of solid particles in liqUids, dispersion of gas in liquids, and 
three-phase mixing processes. Since mixing consumes a significant 
amount of processing time, it is one of the main factors which 
determine the processing capacity of a plant. Furthermore, insufficient 
or excessive mixing may result in waste of raw materials, formation of 
undesirable by-products and loss of processing time and capacity. 
During a mixing operation, a number of physical and transport 
processes can occur Simultaneously and the main purpose of agitation 
is often to enhance such processes. Since turbulent flow conditions 
greatly increase the speed at which mixing is achieved, in most stirred 
vessels the aim is to generate a turbulent flow field by means of 
agitation to accelerate the momentum, mass and/or heat transfer 
processes. 
2 
Over the years, a great deal of effort has been placed into the 
optimisation of mixing processes in stirred vessels with respect to 
power consumption, quality of mixing, duration of process, and capital 
and running costs (see, for example, Benkreira, 1990). For a particular 
mixing system, vessels with different geometries employing a variety of 
impeller types have been used. However, there is no universal design of 
impeller or mixing vessel which can be used for all mixing applications, 
especially as in most vessels several functions must be performed 
simultaneously. As a result, the design of mixing systems has relied 
heavily on experience. This usually involves modifications of existing 
mixing systems (retrofit) for better effiCiency, design of new systems 
based on the correlation of various parameters determined from 
experiments; and/ or design of new impellers types. To this end, 
researchers have undertaken extensive experimental investigations 
using various techniques, for example mixing time measurements by 
Holmes et al (1964), flow visualisation by van't Riet and Smith (1975), 
power measurements by Bujalski et al (1986) and laser-Doppler 
anemometry (LDA) by Yianneskis et al (1987). As a result, the whole 
design process is labour intensive, time consuming and expensive. 
An alternative approach which has been employed to optimise mixing 
process is mathematical modelling. Many types of models have been 
developed but the most advanced at present involve the solution of 
conservation equations subject to initial and boundary conditions: 
these models can provide detailed information on the three-
dimensional flow fields in a mixing vessel. Computational Fluid 
Dynamics (CFD) is frequently used to simulate fluid flow and heat 
transfer problems using numerical solutions of the Navier-Stokes 
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equations and has become an attractive research tool due to the 
considerable increase in computational power and speed experienced in 
the last decade. However, the accuracy of such models depends partly 
on the initial and boundary conditions specified and validation of the 
predictions is often necessary. In addition, the flow fields in stirred 
vessels are complex and formulation of appropriate CFD models is by 
no means straightforward. Therefore, experimental data on the 
hydrodynamic behaviour of the flow in stirred vessels is required in 
order to understand the flow structures and to assess related 
predictions. 
The flow fields in mixing vessels are very complex, having strongly 
three-dimensional characteristics with transient vortical structures 
which are not always well-defined and high turbulence levels in the 
vicinity of the impellers. When a configuration employing two or more 
impellers is adopted the complexity of the flow is greatly increased. 
Furthermore, a small change in the geometry of the vessel or the 
impeller may sometimes result in significant differences in the quality 
of mixing. Knowledge of the flow behaviour of a liquid in a mixing 
vessel is therefore essential not only for the optimisation of the 
particular process concerned, but also for the formulation of 
appropriate design methodologies. The Rushton impeller is one of the 
most common designs used in stirred vessels. This impeller induces a 
strong radial discharge stream and is employed in a wide range of 
industrial processes, as it is well suited for mixing of fluids with a wide 
range of viscosities. Although other impeller designs may be better 
suited for the mixing of particular fluids, the Rushton turbine has been 
studied most extenSively. However, as the review of the literature given 
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below indicates, knowledge of the velocity and mixing characteristics of 
the flows generated by Rushton impeller(s) is far from complete and 
these were therefore selected as the subject of this thesis. A three-
dimensional view of a Rushton impeller is shown in Figure 1.1 and a 
cross-section and plan view are shown in Figure 1.2 in order to define 
the various geometrical characteristics referred to in the following 
section. 
The main findings and the techniques employed in previous 
experimental investigations of the flows in vessels stirred by Rushton 
impellers are reviewed in the following two sections, in order to 
formulate the objectives and methodology of the present work. 
1.2 REVIEW OF PREVIOUS WORK 
This review is primarily concerned with experimental studies on the 
hydrodynamics of vessels agitated by Rushton impellers in particular 
but also with disk-type and flat-blade impellers of similar design. Since 
there are numerous publications on the subject of mixing in stirred 
vessels, the following review is selective, but suffiCiently extensive to 
assess the present state of knowledge on the hydrodynamics of mixing 
processes in stirred vessels. 
Schematic representations of stirred vessels with one and two Rushton 
impellers are shown in Figures l.3 (a) and (b) respectively, in order to 
define the various geometrical characteristics of the single- and double-
impeller configurations. 
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1.2.1 FLOW STRUCTURE WITH A SINGLE RUSHTON IMPELLER 
Systematic research into the flow in mixing vessels commenced in the 
1950's with work by Rushton et al (1950) and by Bates et al (1963) on 
the determination of dimensionless numbers for various impeller and 
vessel geometries. Rushton et al (1950) found the power number was 
constant for Reynolds numbers* (Re) greater than 20000. Sachs and 
Rushton (1954) studied the flow in the impeller stream of a four flat-
blade turbine using a photographic technique. The results showed that 
the radial velocity profiles in the impeller stream became less steep with 
increasing radius while the radial flow increased. The latter increase 
persisted up to a radius r = T /3 after which the radial volumetric flow 
decreased. Periodicity of the flow in the vicinity of the impeller was 
indicated by a peak value of radial velocity at an angle of 40° behind a 
blade. 
Nagata et al (1960) found that the product of the radial distance rand 
the local radial velocity in the impeller stream of a disk-type turbine 
was constant. This follows from continuity if the tangential and axial 
velocities are considered to be zero. 
Holmes et al (1964) used a conductivity technique to study the rate of 
mixing in three vessels of different sizes with a variety of Rushton 
impeller to vessel diameter ratios. Several peaks with decreasing 
amplitude were observed in the concentration-time histories obtained. 
* The Reynolds number is defined by Re = (p N D2)JJl; where 0 is the impeller diameter, 
N is the impeller speed, p is the fluid density and Jl is the fluid viscosity. 
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It was shown that the intervals between the successive peaks were 
equal to the circulation time (tel in the vessel. The circulation time was 
defined as the time required for a fluid element to move once around 
the average circulation loop in the vessel. Using dimensional analysis 
they introduced a dimensionless group t = N tc (D IT)2 which was a 
function of Re and found that t was constant (= 0.85 + 0.05) for Re > 
20000. The reduction in the amplitude of the peaks in the 
concentration-time history characterises the dispersion of the tracer 
during each circulation loop (V oncken et al, 1964). 
Cutter (1966) used a photographic technique to measure the mean and 
nns velocities in the impeller stream and concluded that both mean 
and nns velocities are independent of Re when they are nonnalised by 
the impeller tip speed: 
V tip = 1t N D (m/s) (1.1) 
Cutter estimated that the input energy to the impeller dissipated 
mostly in the impeller stream. 
Cooper and Wolf (1968) used a Pitot tube and a hot-wire anemometer 
to detennine the magnitude and direction of the velocities in the 
impeller stream. They reported that the flow at the outer edges of the 
blades of height (h) less than 0.3 impeller diameters (D) is mostly 
tangential and becomes increasingly radial towards the centre of the 
blades. However, increasing hover 0.3 D resulted in a more radial flow 
at the outer edge of the blades and a more tangential flow at the centre 
of the blades. A linear relationship between the impeller speed and the 
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pumping capacity was found, while the pumping capacity was 
calculated to be proportional to D3. The authors identified an optimum 
value of D / 5 for the blade height, above which the pumping capacity 
did not vary significantly. 
Mujumdar et al (1970) used a hot-wire anemometer to investigate the 
turbulence in the impeller stream of a vessel with air as the working 
fluid and reported that a large periodic component is present near the 
impeller with a time scale equal to the number of blades times the 
rotating speed and with an amplitude decreasing with distance away 
from the impeller. Mujumdar et al corrected the turbulence intensities 
to eliminate the effects of periodicity and showed that uncorrected 
values are up to five times larger than the true turbulence intensities. 
Fort et al (1972) and Kratky et al (1974) modelled the discharge flow 
profiles from a disk-type turbine with a parabolic equation and 
determined pumping capacities from the curve fit. Velocity data were 
obtained using a five-hole Pitot tube. The discharge flow was found to 
be maximum at the centre of the blade and decreased rapidly at the top 
and bottom edges of the blade. The width of the discharge flow was 
conSiderably smaller than the height of the impeller blade. The 
maximum discharge velocity was almost equal to Vtip ' The velocity 
profiles, normalised with Vtip , were found to be independent of impeller 
rotational speed but were dependent upon the size of the impeller. 
Asymmetry was observed in the profiles as the impeller was not 
centrally located in the vessel. DeSouza and Pike (1972) noted an angle 
dependency in the discharge flow. The angle of the axial spread of the 
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discharge flow at the top and bottom of the blade was about 20° from 
the horizon tal. 
Van't Riet and Smith (1973) identified the trailing vortices behind the 
impeller blades using a flow visualisation technique and 2 mm 
polystyrene particles as tracers. The flow of the tracer particles in the 
stirred vessel was recorded with video, still and cine cameras rotating 
synchronously with the stirrer. It was found that the axes of the 
vortices were horizontal and the vortices maintained their identity for 
at least two or three blade lengths. The importance of these vortices on 
the dispersion and coalescence in liquid-gas mixing was pOinted out. In 
a later study (van't Riet and Smith, 1975) the authors attempted to 
measure the velocity and pressure distribution within the trailing 
vortices. They used a photographic technique for the velocity 
measurements and an impact tube (fixed to the blade) for the pressure 
measurements. The trajectory of a particle trapped in the vortex was 
photographed and it appeared as a sine wave. From the length of this 
trajectory and the exposure time the particle velocity was determined. 
Their results showed that the angular velocities in the vortex were 
independent of the distance along the vortex axis and depended only on 
Re when normalised with the impeller angular speed (2 1t N ) . 
Gunkel and Weber (1975) used a shielded hot-wire anemometer, 
rotating with the impeller and mounted in-between the blades, to 
measure the mean and rms velocities between two successive blades of 
a Rushton impeller. They also used a shielded hot-wire anemometer 
and a yaw tube to measure the velocities in the impeller stream. The 
shielded wire was claimed to allow reverse flow regions to be detected. 
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They used air as the working fluid, based on the justification given by 
Mujumdar et al (1970). The measurements between two blades 
indicated the existence of two pairs of vortices behind the leading 
blade. The first pair is the trailing vortices identified by van't Riet and 
Smith (1973). However, Yianneskis et al (1987) showed subsequently 
that there is no evidence of a second pair and it is likely that these 
vortices were produced due to interference of the hot-wire probe with 
the flow. The rms velocities measured between the blades were 
independent of the angular position. They measured a maximum radial 
mean velocity of 0.8 Vtip near the blade tip, in agreement with Cutter 
(1966) and Mujumdar et al (1970). Using an energy conservation 
equation and assuming that no energy is dissipated within the control 
volume surrounding the impeller, Gunkel and Weber concluded that 
most of the input energy is disSipated in the bulk flow. They also 
suggested that the flow in the impeller stream is anisotropic. It must be 
noted that the reliability of the data obtained by Gunkel and Weber 
must be questioned as they obtained differences of 20% between the 
velocities measured with the three methods in the same location. 
Komasawa et al (1974a, b) using high-speed cine photography, found 
turbulence intensities on the order of 30%-50% in the discharge stream 
of a disk-type turbine. They also found that turbulence intensities 
increased, but the energy dissipation decreased with radial position and 
concluded that the flow had to be considered three dimensional. 
Van't Riet et al (1976) measured the impeller discharge flow with a 
stationary hot-film probe and concluded that most of the fluctuations 
measured originated from the periodicity of the blade passages and the 
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accompanying vortex structure. They termed such conditions 'pseudo-
turbulence'. Because of the influence of the blades and of the vortices, 
van't Riet et al concluded that the real turbulence could only be 
measured by a probe rotating with the stirrer and that otherwise the 
energy dissipation values were significantly overestimated. They also 
observed that the vortices were broken up at the baffles and the vessel 
\vall with genuine turbulent motions thereafter in the bulk of the 
vessel. 
Drbohlav et a1 (1978a, 1978b) described the discharge flow from a disk-
type turbine as a tangential cylindrical jet, though recognising that the 
impeller discharge actually pulsed. Following De Souza and Pike (1972), 
they developed a model to describe the radial velocity profile. Their 
approach neglected the existence of the trailing vortices and the pulsing 
discharge from the impeller blades. The model failed to describe the flow 
field near the impeller. However, the pulsation decayed with distance 
from the impeller, and the model provided by Drbohlav et al became 
more realistic as the distance from the impeller increased. Costes and 
Couderc (1982) measured velocities and turbulence intensities for a 
disk-type turbine centrally positioned in a standard configuration tank 
using hot-film anemometry. The velocity profiles measured at different 
rotational speeds were similar when normalised with Vtip . Both the 
radial velocity and tangential velocity maxima were about 0.77 Vtip . 
Turbulence intensities varied between 300/0 and 70%. 
Reed et al (1977) used LDA to study the flow in a tank stirred by a 
Rushton impeller located at a clearance C = T /3. The results of this 
investigation revealed that the flow was highly three-dimensional. The 
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ring vortex below the impeller was found to be stronger than the one 
above the impeller. The difference in the strength of the two vortices 
resulted in an inclination of the impeller stream slightly upwards. Reed 
et al also noticed that the baffles had an extensive influence on the 
mean flow and emphasised the existence of strong helical vortices 
behind the baffles. A similar observation was made by van der Molen 
and van Maanen (1978) who also used LDA to measure the flow. 
Van der Molen and van Maanen (1978) measured the periodic 
component of the velocities in the vicinity of the impeller and 
confirmed the existence of the trailing vortices behind the blades. They 
employed different impellers with two different blade/disk thickness to 
diameter ratios and the same impeller to vessel diameter ratio. The 
periodic components recorded decayed fast, reaching near-zero values at 
two-thirds of the radius and decaying to completely random turbulence 
at the wall. They also reported that the turbulence away from the 
impeller was isotropic. Their results showed that the peak-to-peak 
value of the periodic axial velocities in the vicinity of an impeller 
increased by a factor of 3 as the blade and disk thickness of the 
impeller decreased from 1.5 mm to 0.5 mm. From their results a slight 
increase of the above mentioned velocity with Re can be observed. The 
effect of vessel size on the periodic axial velocities cannot be 
determined from their results as the measurements were performed at 
different Re's. 
The structure of the flow around the impeller blades and in the bulk of 
the vessel was quantified in detail by Yianneskis et al (1987). 
Employing LDA, ensemble-averaged velOCity measurements were 
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performed over 1 0 and over 3600 of impeller rotation. A D = T /3 and tb = 
3 mm impeller was used, located at C = T /3. The influence of the ring 
vortices on the trailing vortices was found to be significant at about 250 
behind the blade, while at an angle of 300 the trailing vortices had 
almost dissipated. The rms velocities measured over 10 were similar to 
those obtained over 3600 behind the blade (due to the presence of the 
trailing vortex) and decreased to 25% of the 3600 averages where no 
trailing vortices are present. The maximum value of turbulence kinetic 
energy (k = 0.17 V~p) was measured at 200 behind the blade. The 
inclination of the impeller stream to the horizontal was found to 
decrease with increasing impeller clearance and rotational speed. The 
periodicity and vortical structure of the flow in the impeller region 
perSisted up to a radius r = 0.7 D and at r = D the vortices were broken 
up. A similar detailed investigation of the trailing vortices was carried 
out by Stoots and Calabrese (1994). 
Armstrong and Ruszkowski (1988) measured maximum radial velocities 
of 0.72 Vtip for a disk turbine with a small hub and 0.60 Vtip for a 
similar turbine with a large hub using LDA measurements synchronised 
with the impeller rotation. The velocity profiles were significantly 
different between the two geometries. Stoots and Calabrese (1994) 
reported that the hub size may have a small effect on the impeller 
discharge flow. Measurements by Mahmoudi (1994) with two hub sizes 
confirmed that the effect is indeed small and differences were far 
smaller than those reported by Armstrong and Ruszkowski. 
Wu and Patterson (1989) carried out a LDA study concerned with the 
influence of the trailing vortices on the velocities in the impeller 
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stream. The periodicity of the flow resulting from the trailing vortices 
was found to influence strongly the rms velocities in the impeller 
stream close to the impeller. The largest contribution of the flow 
periodicity to the total radial and tangential rms velocities occurred in 
the impeller disk elevation and in the vicinity of the impeller. For the 
axial rms velocities the maximum contribution occurred on both sides 
of the impeller disk at a distance ± hi 4 from the impeller disk elevation. 
The periodicity of the flow decayed rapidly with increasing distance from 
the tip of the impeller. At a location r* = 1.08 (where r* = 2r ID) the 
periodicity of the flow accounted for as much as 85% of the total 
turbulence in terms of mean-square fluctuation velocity. This 
contribution decreased to 20% at r* = 1.5 and the periodicity 
disappeared completely at r* = 1.9. Wu and Patterson also reported that 
the random rms velocities increased with distance from the impeller tip, 
reaching a maximum value at around r* = 1.5 and then decreasing with 
increasing radius. 
The effect of impeller geometry on the flow field in the vicinity of the 
impeller was also investigated by Armstrong and Ruszkowski (1986) 
who employed two Rushton impellers identical in all aspects except for 
the blade thicknesses (tb) which were 1.5 and 3 mm. They also used an 
identical impeller with tb = 1.5 mm but with the disk diameter 
increased from 2D/3 to 3D/4. The LDA results obtained showed 
identical flow numbers for all three impellers. However, Armstrong and 
Ruszkowski did not mention the disk thickness of the impeller (td) they 
used or if there was any variation in td among the three impellers. 
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The effect of vessel size on the velocities in the impeller stream and 
bulk flow was investigated by Nouri and Whitelaw (1990). They used 
two vessels with diameters T = 144 and 294 mm agitated by D = T/3 
Rushton impellers. LDA measurements showed that the axial and 
radial velocities in the impeller stream and bulk flow exhibit no 
dependency on vessel size when the velocities are normalised with the 
tip velocity and plotted in non-dimensional co-ordinates r* = r/(D/2) 
and z* = z'/(h/2) (where z' = 0 mm in the disk elevation plane). They 
also found a negligible difference in velocities when a lid was used. 
Kusters (1991) carried out LDA measurements in three mixing vessels 
of T = 102, 200 and 388 mm. Kusters reported that the mean velocity 
profiles when normalised with Vtip were approximately independent of 
the vessel size. He also found that in the immediate vicinity of the 
impeller tip there was a periodic contribution to the total velocity 
fluctuations arising from the trailing vortices issuing from the impeller 
blades; and that this periodic component increased with scale-up. 
Kusters reported that the turbulent fluctuating velocity field was 
dependent on scale. Near the impeller tip the normalised turbulent 
velocity decreased with increase in vessel size, whereas the opposite was 
noted for the bulk flow in the vessel. The random turbulence was 
apprOximately isotropic. The integral length scale in the impeller 
discharge stream was apprOximately equal to the blade width while in 
the bulk of the vessel the integral length scale increased to 
apprOximately 2.5 times of this value. 
Dyster et al (1993) studied the radial discharge flows from a Rushton 
impeller using LDA. They used transparent Newtonian fluids with 
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viscosities up to 1000 mPas as working fluids to obtain various Re's. 
3600 ensemble-averaged mean and rms velocity profiles were obtained in 
the impeller stream. The correlation between radial mean velocity and 
radial distance was obtained by regression analysis and was slightly 
different from that reported by van der Molen and van Maanen (1978). 
However, the correlation between the radial rms velocity and radial 
distance reported was in close agreement with those noted by Wu and 
Patterson (1989), Nouri et al (1987a), Reed et al (1977) and Laufhiitte 
and Mersmann (1985). 
1.2.2 FLOW STRUCTURE WITH TWO RUSHTON IMPELLERS 
Relatively few investigations have been concerned with the flow 
structure in vessels agitated by two Rushton impellers. Most of the 
investigations reported to-date have been concerned primarily with 
large impeller clearances and separations, where there is little or no 
interaction between the flows generated by individual impellers. Such 
studies have mainly concentrated on the power consumption 
characteristics (see, for example, Kuboi and Nienow, 1982). 
Crozier (1989) studied the flow produced by two Rushton impellers with 
LDA. The impellers were located at C1 = T/3 and C2 = T. The results 
showed an independent behaviour of the impellers as if the mixing 
vessel was divided into two equal parts, each part being agitated by one 
impeller. 
Mahmoudi and Yianneskis (1991, 1992) and Mahmoudi (1994) studied 
the effect of impeller spacing in double-Rushton impeller 
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configurations. By varying the clearance of the lower impeller (C 1), the 
separation between the two impellers (C2), and the submergence of the 
upper impeller (C3), they observed three stable and four unstable flow 
patterns. 
With the stable flow patterns either both the impellers were pumping in 
a hOrizontal direction and generating four main ring vortices or the two 
impeller streams were merging and forming two main ring vortices or 
the upper impeller was pumping horizontally and generating two main 
ring vortices while the lower impeller was pumping towards the bottom 
of the vessel and generating one main ring vortex. They termed these 
three stable patterns parallel, merging and diverging flow respectively. 
Each of the four unstable flow patterns they observed was a 
combination of either two or three of the stable flow patterns depending 
on the impeller spacings, liqUid height and impeller speed. 
Of the three stable flow patterns, the merging flow pattern occurred 
with a clearance C1 = T/3 and separation C2 = T/3: the impeller 
streams were inclined towards each other and merged half way between 
the two impellers. This flow pattern was determined to be the most 
desirable since it produced the lowest mixing times and power 
consumption. 
1.2.3 SUMMARY 
The above review has shown that a lot of information has been 
obtained on the flows produced by a single Rushton impeller. The flow 
structure in the bulk of the vessel has been relatively well established. 
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However, the characteristics of the flow near the impeller are not as 
well understood and a number of conflicting findings have been 
reported, for example on the extent of the flow periodicity and the 
isotropy of the turbulence around the impeller. A better understanding 
of the flows in the vicinity of the impeller is therefore required. 
The flows produced in vessels stirred by two Rushton impellers have 
received relatively little attention. In particular, little is known about 
the flow structure in the vicinity of the impeller in such configurations. 
Clearly, when the impeller streams are parallel to each other, little 
change from the single Rushton characteristics might be expected. 
With merging and diverging flow patterns though, differences could be 
expected. Of these two patterns, the lower mixing time and power 
number of the merging flow show promise for efficient mixing and a 
more thorough understanding of this flow is called for. 
Scaling of the mean flow and turbulence structure has been reported 
but the conclusions reached are far from universal and further 
confirmation of scale-up is required. In particular, the blade thickness 
must be properly scaled (Rutherford et al, 1996a) as otherwise 
differences in the scale-up results may be found (Kusters, 1991). 
1.3 REVIEW OF EXPERIMENTAL TECHNIQUES 
Single-phase non-reacting flow in stirred vessels can be adequately 
characterised through the measurement of the power consumption, 
velocity characteristics and mixing time. Power consumption is 
18 
normally determined with strain gauge torque measurement 
techniques. These are well established and the power numbers for both 
single and double Rushton configurations have been thoroughly 
determined (see, for example, Kuboi and Nienow (1982), Mahmoudi and 
Yianneskis (1991), Rutherford et al (1996b)). More accurate torque 
measurement techniques have been developed (Oesoutter Ltd and 
King's College London, 1995), but at present cannot be used to measure 
the relatively low torques encountered in mixing vessel shafts. 
The velocity characteristics have been measured with Pitot tubes, hot-
wire anemometry and LOA. The first two techniques employ probes 
which disturb the flow and they may result in a wrong interpretation of 
the flow structure. An example of this type of error is the 
aforementioned finding of Gunkel and Weber (1975). Costes and 
Couderc (1988) compared velocities obtained by hot-wire anemometry 
and LOA in a vessel with a Rushton impeller and reported that the LOA 
results were more realistic. 
LOA is a non-obtrusive and accurate technique that does not require 
calibration and at present the most convenient technique for the 
measurement of velocity characteristics in stirred tanks. LOA is well 
suited for the measurement of the complex flows encountered around 
impellers and has been extenSively used since its first application in a 
stirred tank by Reed et al (1977). Time- and angle-resolved 
measurements can be made with LOA and therefore the periodic 
structure around impeller blades can be determined. Particle image 
velocimetry (PIV) is also well suited for such flows, but it is still being 
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developed at present to improve the accuracy of the particle pair 
identification software. 
LDA is the most convenient and accurate technique available at 
present and was selected for the present work. The principles of this 
technique and its application to mixing vessel flows are discussed in 
detail in Chapter 2. 
In contrast to power consumption and velocity measurement 
techniques, there is not a universally accepted technique suitable for 
the accurate determination of mixing time. Schofield (1974) reviewed 
the techniques employed for the measurement of mixing time in stirred 
tanks. For liquid-liquid mixing, these can be generally classified into 
two groupings: Observation and transducer methods. 
In observation methods, the change in the colour of the liqUid 
contained in the tank caused by the insertion of either a dye or a 
reacting liqUid is observed as the mixing process proceeds. In the latter 
case the addition of the liqUid initiates a chemical reaction which 
results in a colour change. Large inaccuracies can be encountered with 
this technique which may lead to significant underestimation of the 
mixing time. Two advantages of these methods are that the mixing 
state in the whole vessel can be determined at the same time and that 
in some situations 'dead' or stagnation zones may be identified qUickly. 
The most commonly used methods of the second grouping make use of 
conductivity or thermocouple probes to detect the variation of the 
conductivity or temperature of the fluid in the vessel, respectively. This 
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variation is produced by introducing a small amount of a passive scalar 
of different conductivity or temperature. 
Conductivity probes may have a non-linear response and are affected by 
stray currents which can bias the output voltage and result in 
erroneous information in the concentration-time history (Khang and 
Fitzgerald, 1975). A probe which was free of such currents and had a 
linear response was designed by Khang and Fitzgerald. However, careful 
calibration of this probe is necessary. 
The probe volume size is important and Thyn et al (1976) investigated 
its effect on the measured mixing time with 14 probes of different sizes. 
They classified their experiments into two groups on the basis of the 
value of probe-to-tracer volume ratio. Depending on whether this value 
was greater or smaller than unity they obtained two different 
correlations between mixing time and probe-to-tracer volume ratio. 
Their probes consisted of two parallel plates and the effective probe 
volume was larger than the actual volume between the two plates. 
The finite probe volume size which affects the spatial resolution of the 
measurement and the need for careful calibration taking into account 
the tracer volume reduce significantly the usefulness of the 
conductivity technique. In contrast, small and accurate temperature 
measuring probes are available. 
However, both techniques can only measure the local concentration or 
temperature. In order to resolve the complex concentration or 
temperature distributions encountered in the three-dimensional flows 
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occurring in stirred vessels, it is often necessary to make measurements 
in a large number of locations. This can be achieved by repeating the 
measurement in different locations. Nevertheless, such measurements 
are non-simultaneous, time-consuming and the probes used, however 
small, will interfere with the flows. 
One technique that shows promise for temperature/mixing time 
measurements in stirred vessels is liquid crystal thermography. This 
utilises the change in colour of thermochromic liquid crystals when 
they are subjected to different temperatures. Liquid crystals exhibit a 
rapid and reversible response to dynamic temperature changes over a 
wide range of temperatures and they are available in sheet, paint and 
suspension form. 
A number of applications of liquid crystal thermography techniques for 
the measurement of wall temperature distributions in forced convection 
flows have been reported, for example by Cooper et al (1975), Goldstein 
and Timmers (1982), Akino et al (1986), Rojas et al (1987), Yianneskis 
(1988) and Lee and Yianneskis (1993). Other applications have included 
the measurement of transient temperature fluctuations on surfaces, for 
example, Iritani et al (1984), and in fluids, Kuriyama et al (1981) and 
Rhee et al (1984). 
The ability to suspend liquid crystal tracers in a stirred vessel can allow 
temperature measurements to be obtained Simultaneously across the 
whole vessel. This renders liqUid crystal thermography a very 
convenient and versatile technique for the measurement of mixing time 
in stirred tanks, using temperature as a passive scalar. Such a 
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technique would not only present none of the aforementioned problems 
with probes, but could also offer all the advantages of observation 
methods together with conSiderably increased accuracy. 
Finally, it should be noted that recently laser-induced fluorescence 
(LIF) techniques have been developed for mixing time measurements in 
stirred tanks (for example, Marquis (1995)). As an unobtrusive 
technique, LIF shows considerable promise but has not as yet been 
extenSively applied for fluid mixing studies. 
1.4 OBJECTIVES OF PRESENT INVESTIGATION 
The preceding review of the published literature indicates clearly that 
the knowledge of the hydrodynamic behaviour of the flow in stirred 
vessels is far from complete. The velocity characteristics of the flows 
produced by the commonly-employed Rushton impeller have not been 
fully determined and deserved further investigation. Also, as dual-
impeller systems are frequently employed in mixing practice, 
quantification of the degree of interaction which occurs between the 
flows generated by the impellers is important. A number of differences 
between one- and two-impeller flows have been identified but not 
studied in any detail and investigations reported to-date have been 
concerned primarily with large impeller clearances and separations, 
where there is little or no interaction between the flows generated by 
individual impellers. Such studies have mainly concentrated on the 
power characteristics (Kuboi and Nienow, 1982). The inconsistencies 
between the findings reported with respect to the effect of vessel size on 
23 
the flow characteristics (Nouri and Whitelaw (1990), Kusters (1991)) 
indicates that further investigation of this effect is necessary. 
Furthermore, as mentioned earlier, the accuracy of CFD models can 
only be assessed and improved through the provision of accurate 
experimental data. In addition, most CFD predictions to date treated 
the impeller region in an approximate manner, as a rotating disk and 
therefore suffer from inaccuracies associated with this approximation. 
Although the results obtained in this way may be accurate enough for 
process design purposes, if the size of the region affected by the 
periodicity of the flow is known, it is possible to overcome the 
aforementioned CFD problem by specifying conditions further away 
from the impeller blades, at the edges of this region. Turbulence 
modelling could also be aided if the degree of anisotropy of the flow is 
determined. 
In addition, the review of experimental techniques has indicated that 
an accurate and non-obtrusive technique for the measurement of 
mixing time would be useful. 
Therefore, the above survey has indicated that new and/or more 
detailed knowledge and clarification is required in the following areas: 
1. Quantification of the extent of the influence of the trailing vortex 
structure formed around impeller blades on the mean velocity and 
turbulence characteristics in vessels stirred by a single Rushton 
impeller. 
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2. Determination of the influence on the trailing vortex structure in 
dual-Rushton impeller systems. 
3. Quantification of the degree of anisotropy in the impeller stream(s) 
generated by single and double impellers. 
4. Assessment of scaling effects in the impeller vicinity in vessels 
stirred by Rushton impellers. 
5. Development and application of an non-obtrusive technique 
utilising liquid crystal tracers for the qualitative and quantitative 
determination of the mixing time. 
In addition, in order to improve the accuracy of the CFD predictions 
which often employ the k-£ turbulence model, knowledge of the local 
energy dissipation rate, £ is very important: 
6. Determination of the integral time and length scales to enable the 
estimation of the dissipation rate of the kinetic energy of 
turbulence in the impeller stream in single- and dual-impeller 
systems. 
1.5 OUTLINE OF THESIS 
The remainder of this thesis is divided into six chapters. In the 
following chapter the design and construction of the test rig and 
impellers and the experimental techniques used for the investigation of 
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the velocity and turbulence characteristics are described. In Chapter 3, 
the development of a technique utilising liquid crystal tracers and 
temperature as a passive scalar for the determination of mixing time is 
described. Chapter 4 is concerned with the velocity characteristics of a 
vessel stirred by a single Rushton impeller, and the results obtained in 
the vessels stirred by two Rushton impellers are presented and 
discussed in Chapter 5. The mixing time measurements obtained in the 
vessel stirred by single and double impellers at various speeds using the 
liquid crystal technique developed are presented in Chapter 6, Finally, a 
brief overview of the research carried out is given in Chapter 7, where 
the findings of the investigation are summarised and recommendations 
for future work are made. 
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Figure 1.2 Plan view and cross-section of a Rushton impeller. 
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Figure 1.3 Schematic diagrams of the (a) single-Rushton impeller; (b) 
double-Rushton impeller systems. 
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CHAPTER 2 




The suitability of laser-Doppler anemometry (LDA) for measuring flows 
in mixing vessels was mentioned in Chapter 1; the technique was 
employed to obtain detailed mean and rms velocity measurements in a 
mixing vessel of diameter T = 100 mm, stirred by either one or two 
Rushton impellers of diameter D = T/3. Velocity measurements were 
also obtained in a mixing vessel of larger diameter (T = 294 mm) to 
study scaling effects on the flows. 
In the following sections, the mixing vessels and the measurement 
techniques used will be described in detail. Errors and uncertainties 
involved will also be discussed and, where appropriate, quantified. 
2.2 FLOW CONFIGURATION 
Figure 2.1 shows the geometry of the mixing vessels used in this 
investigation. The vessels were identical to the 'standard' configuration 
used in mixing research (Uhl and Gray, 1966). Most of the 
measurements were obtained in a cylindrical vessel of diameter T = 100 
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mm, height of 250 mm and wall thickness of 1 mm. Four equally 
spaced vertical baffles of width B = T /10 and thickness of 1 mm, were 
fitted along the internal surface of the vessel. The vessel was made of 
clear cast acrylic plastic (Perspex); a flat transparent Perspex base was 
incorporated in the vessel design to maximise optical access. 
The vessel was installed in a test section as shown in Figure 2.2. The 
test section consisted of an aluminium base plate with a circular hole 
in the centre, and a transparent Perspex trough (170 mm x 170 mm in 
cross-section and 250 mm high) with a wall thickness of 6 mm. The 
vessel was secured to the base plate by means of a lip seal. In this way 
the vessel could be rotated about its axis to enable measurements to be 
performed at different vertical planes. The gap between the vessel and 
the Perspex trough was filled with distilled water fed from a constant 
temperature water bath to remove the heat generated by the impellers 
and thus to maintain the temperature inside the vessel constant during 
the experiments, as well as to minimise refraction effects at the 
cylindrical surface of the vessel. 
The impeller shaft was coupled to a shaft sleeving mounted on a 
detachable top plate with its axis concentric with the vessel axis. The 
sleeving was supported by a bearing at either end, and was gear-driven 
by a bi-directional variable speed DC motor. The use of such a sleeving 
prOvided a concentric rotation of the impeller shaft in addition to ease 
of alignment. The clearance between the impeller and the bottom of the 
vessel was set by sliding the impeller shaft up or down and the shaft 
was locked to the sleeving by a grub screw. 
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The sleeving was also coupled to an optical shaft encoder (Hewlett 
Packard HEDS-6010 036), which provided a marker pulse (TIL low) and 
a train of 2000 pulses (TIL low) per revolution. The pulses were input to 
a specially-built gating unit. By counting the number of marker pulses 
per unit time, the rotational speed of the impeller could be measured; 
this was displayed on the front panel of the unit. 
The midpoint of a blade of the impeller (or the lower impeller when 
stirred by two impellers) was aligned with the marker pulse, and by 
counting the number of pulses (1 - 2000) relative to the marker pulse, 
the blade angle (0° - 360°) could be determined. 
The gating unit was also capable of generating a window gate pulse to 
set the blade angle interval over which measurements were to be 
obtained. The position of the window gate pulse relative to the marker 
pulse and its width was determined by two four-digit thumb-wheel 
switches which set the blade angle interval or gate window opening by 
the voltage going high and closing by going low. 
Figure 2.3 shows the geometry of the Rushton turbines used. They were 
six-bladed turbines of diameter D = T/3. For the 100 mm diameter 
vessel both the blade thickness, tb, and the disk thickness, td, were 1 
mm. A clearance C = T/3 was used between the bottom of the mixing 
vessel and the impeller disk central plane for the single-impeller 
measurements. Clearances C 1 = T /3, between the bottom of the mixing 
vessel and central plane of the lower impeller disk and C2 = T /3, 
between the central planes of the lower and upper impeller disks were 
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used for the dual-impeller measurements. The liquid height in the 
vessel H, was equal to T (see Figure 2.4). 
Measurements were also made in a vessel of larger diameter (T = 294 
mm) in order to determine scaling effects. The design of the T = 294 mm 
vessel was similar to that of the T = 100 mm vessel mentioned above. 
For the T = 294 mm vessel, a Parvalux 0.25 hp DC motor was used to 
prOvide the required torque for the impellers. 
The two vessels and their impellers were geometrically scaled to be as 
similar as permitted by strength of materials considerations and 
machining restrictions. The dimensions of the two mixing vessels and 
their impellers are listed in Table 2.1. 
Table 2.1 Dimensions of the two vessels and their impellers 
Vessel 
Diameter, T mm 100 294 
Height mm 250 749.2 
Wall thickness mm 1 3 
Baffle width, B mm 10 29.4 
Baffle thickness mm 1 3 
Impeller 
Diameter, D mm 33.3 98 
Blade thickness, tb mm 1 3 
Disk thickness, td mm 1 3 
The working fluid was distilled water and all measurements were 
conducted at a Reynolds number of 40000, which corresponded to a 
constant impeller rotational speed of N = 2165 + 10 rpm (Vtip = 3.77 
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m/s) for the T = 100 mm vessel, and N = 250 + 0.5 rpm (Vtip = 1.2 m/s) 
for the T = 294 mm vessel. 
The origin of the co-ordinate system used was the centre of the bottom 
of the vessel(s). All positions in this thesis are described in terms of 
axial (z), radial (r) and tangential (8) co-ordinate directions. The 
locations of the measurement volume for the angle-resolved 
measurements are expressed in terms of polar co-ordinates r, <\>' z with 
respect to the blades calculated from the r, 8, z co-ordinates: <\> = 0° is 
the vertical plane through the middle of the blade. The impeller(s) 
rotated in a clockwise direction as viewed from above the vessel(s). 
Measurements of all velocity components (Le. axial, radial and 
tangential) were performed in the same plane (Le. 8 = 0°, located half-
way between two baffles). 
For the measurements in the T = 100 mm vessel, a transparent lid was 
located above the liqUid surface at a height H = T so that no air 
bubbles were entrained into the liqUid from the free surface. The lack of 
a free surface enabled measurements to be made in forward scatter 
when the beam entered through the bottom of the vessel. This was 
achieved by attaching a mirror above the lid and filling the space above 
the lid with water so that the mirror was always submerged. The 
scattered light was re-directed by 90° by the mirror. The effect of a lid 
on the flow in a stirred vessel has been previously investigated by Nouri 
and Whitelaw (1990), who concluded that the use of a lid only affects 
the flow in the immediate vicinity of the lid/free surface and that the 
velocities elsewhere in a 144 mm vesel were almost identical to those in 
a 294 mm vessel. 
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2.3 THE LASER-DOPPLER ANEMOMETER 
2.3.1 LASER-DOPPLER ANEMOMETRY 
This Section describes the main prinCiples of a dual beam, fringe mode 
LDA system for measuring single components of velocity. When two 
laser beams cross each other in the measurement volume, they produce 
an interference fringe pattern as shown in Figure 2.5. The spacing 
* between the light and dark bands, A , is termed the fringe spacing and 
is related to the angle of the intersecting beams, K and the wavelength 
of the laser light, A, by the following expression: 
* A A ------
2 sin(K / 2) (2.1) 
Small particles suspended in the fluid scatter light when passing 
through the measurement volume. If the particles are small and follow 
the flow faithfully, then accurate measurements of fluid velocity can be 
obtained. The intensity modulation of the scattered light as the particle 
moves through the light and dark fringes results in the generation of 
"Doppler bursts". A typical Doppler signal produced when a particle 
crosses the measurement volume is shown in Figure 2.6. Such a signal 
can be detected by a light sensitive detector. With a suitable signal 
processor, velOCity measurements can be obtained from the photo 
detector signal. 
The velocity U of a particle crossing the measurement volume in the 
direction perpendicular to the fringes is related to the Doppler 
frequency fD by (Drain 1980): 
35 
(2.2) 
However the frequency of the Doppler burst does not provide 
information on the direction of the particle velocity. In order to resolve 
the direction of the flow, the interference fringes can be made to move 
within the measurement volume, in a direction perpendicular to the 
optical axis, by causing the two incoming laser beams to have slightly 
different optical frequencies, a technique known as frequency shifting. 
Particles moving in the opposite direction of the movement of the 
fringes will appear to be moving faster and the light detector will sense 
a higher modulating frequency. From Equation (2.2) and taking into 
account an applied frequency shift, fs, velocity measurements can be 
obtained from the following expression: 
U = (f + f ) A 
o s 2 sin( K / 2) (2.3) 
Two optical arrangements and two types of signal processing systems 
were used in this work. They are described in the following sections. 
2.3.2 BEAM SPLITTING AND FREQUENCY SHIFTING 
A radial diffraction grating was used for splitting and frequency shifting 
of the laser beam. The radial grating (Technische Physische Dienst, 
model H) had 16384 lines chemically etched at a mean diameter of 
31.75 mm. The track width of the grating was 0.75 mm. The grating 
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split the incident beam into different order beams with approximately 
700/0 of the laser power concentrated in the two first order beams. 
The grating was mounted onto the shaft of a purpose-built rotating 
unit. which was belt-driven by a small bi-directional variable speed DC 
motor (Electro-Craft E350). The unit was designed and built in such a 
way that the motor-grating assembly could be rotated through 135° in 
steps of 22.5° about the optical axis thus allowing the plane of the 
beams to be altered for the measurements of different velocity 
components. The details of the rotating unit are given in Nadarajah 
(1991). The frequency shift, fs, of a diffracted beam pair is given by: 
(2.4) 
where m is the order of the diffracted beam pair, n is the number of 
lines on the grating and N g is the rotational speed of the grating in 
rpm. 
The grating was rotated at a speed, Ng , of 6000 rpm providing a 
frequency shift of 3.27 MHz between the first order beams for 
measurements in the T = 100 mm vessel. For the measurements made 
in the T = 294 mm vessel, the frequency shift used between the first 
order beams was 3.5 MHz (Ng = 6409 rpm). Considering the maximum 
velocity to be measured, (Le. the velocity near the impeller tip, 
approximately equal to Vtip), which was 3.77 mls and 1.2 mls for the T 
= 100 mm and the T = 294 mm vessel respectively, and turbulence levels 
of 50010, the frequency shifts were adequate to resolve the ambiguity in 
the direction of the flow throughout the two vessels. 
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2.3.3 OPTICAL ARRANGEMENTS 
Figure 2.7 shows the arrangement of the optical elements of the 
anemometer used for the measurements made in the T = 100 mm 
vessel. A 10 mW Helium-Neon laser (Spectra Physics model 106) was 
used. 
Since steep velocity gradients are expected in the vicinity of the impeller 
stream, a small measurement volume was considered necessary in order 
to minimise errors. The diameter of a measurement volume, bx , is given 
by: 
b = b 
x cos(;) (2.5) 
and the length of the measurement, by, is given by: 
b = b 
Y Sin(;) (2.6) 
where K is the beam intersection angle, bo is the diameter of the beam 
leaving the laser, and 
4 A fl f 3 b=----
1t b o f 2 
(2.7) 
Equations (2.5) to (2.7) indicate that a smaller measurement volume 
can be obtained by using a different combination of the focal lengths fl' 
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f2 and f3· However due to various limitations such as the physical size 
of the grating rotating mechanism, the focal lengths of the lenses 
available and the diameters of lenses supplied by manufacturers, the 
beam diameter was expanded to obtain a smaller measurement volume. 
The beam from the laser was expanded to a diameter bo' = 1.82 mm. 
The beam was firstly expanded by a bi -concave lens of focal length f4 = 
-40 mm and then collimated by a plano-convex lens of focal length f5 = 
100 mm. The collimation of the expanded beam was checked by 
measuring the vertical and horizontal diameters of the expanded beam 
at two positions approximately 1 m apart by means of traversing across 
the beam a photodiode with a micrometer. 
The expanded beam was passed through a spatial filter and focused 
onto the grating by means of a plano-convex lens of focal length f1 = 
125 mm. The first order beam pair diffracted from the grating was 
selected by masking the remaining beams and collimated by a plano-
convex lens of focal length f2 = 300 mm. The collimated beams were 
focused by a similar imaging lens of focal length f3 = 250 mm to form 
the measurement volume. 
Figure 2.8 shows the optical arrangement of the anemometer used for 
the measurements in the T = 294 mm vessel. In this case, since the 
impeller tip speed was lower (Vtip = 1.2 m/s)' the velocity gradients 
within the measurement volume would not be as steep as those found 
in the T = 100 mm vessel and the original beam from the laser was used 
without expansion. 
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The laser beam was focused onto the grating by a plano-convex lens of 
focal length fl = 150 mm. As above, the first order beam pair was 
selected and then collimated by a plano-convex lens of focal length f2 = 
300 mm. A measurement volume was then formed by focusing these two 
beams by another plano-convex lens of focal length f3 = 300 mm. The 
characteristics of the two anemometers are summarised in Table 2.2. 
Table 2.2 The principal characteristics of the two laser anemometers. 
Anemometer used in 
vessel of diameter 
100mm 294mm 
Laser beam diameter, bo (mm) 1.82 0.83 
Laser beam wavelength, A (nm) 632.8 632.8 
Intersection angle, K (in air) (0) \ 3. \2. 13.64 
Focal length fl of lens Ll (mm) 125 150 
Focal length f2 of lens ~ (mm) 300 300 
Focal length f3 of lens L3 (mm) 250 300 
Focal length f4 of lens L4 (mm) -40 not used 
Focal length f5 of lens L5 (mm) -100 not used 
Number of stationary fringes, Nfr 18 48 
Measurement volume diameter, b x (~m) -46.5 146 
Measurement volume length, by (~m) 370 1400 
Fringe spacing, A * (~m) 2.77 3.05 
Frequency shift, fs (MHz) 3.27 3.50 
Laser beam diameter and measurement volume diameter and length are calculated at 
l/e2 intensity. 
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2.3.4 BEAM ORIENTATION AND SIGNAL COLLECTION 
The optical elements of the anemometer used for the measurements in 
the T = 100 mm vessel were positioned on an optical bench 1.5 m long 
mounted on a laboratory jack attached to a compound traversing table. 
This enabled the optical bench to be traversed in three orthogonal 
directions (x. y and z). The accuracy in traversing the optical bench in 
the x and y directions was 0.05 mm and in the z direction 0.1 mm. 
The optical bench was aligned to the test section such that the optical 
axis of the anemometer was contained within a diametrical plane of the 
vessel (Le. either the e = 0° or the e = 180° planes), and was 
perpendicular to a trough wall. 
The radial and tangential velocity components were measured with the 
beams entering from the bottom of the vessel with the aid of a mirror 
situated below the test section at an angle of 45° to the vessel axis; and 
the axial velocity component was measured with the beams entering 
from the side of the vessel. 
Figure 2.9(a) shows schematically the orientation of the beams for 
measuring the radial velocity component. The two beams lay in a 
vertical plane coinciding with the e = 0° plane and were steered by the 
mirror underneath the test section. The beams entered the vessel 
through the bottom, forming a measurement volume in the e = 0° 
plane. By traversing the optical bench in the x direction (Le. towards or 
away from the vessel), the measurement volume could be moved in the 
z direction inside the vessel, and by traversing the optical bench in the 
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z direction (Le. upward or downward), the measurement volume could 
be moved in the r direction inside the vessel. 
For the tangential velocity component measurements, the arrangement 
shown in Figure 2.9 (a) was used, but with the two beams rotated 
through 90° to lie in a horizontal plane perpendicular to the e = 0° 
plane. The beams were then steered by the mirror entering the vessel 
through the bottom in planes perpendicular to the e = 0° plane. The 
measurement volume was positioned within the vessel in a similar 
fashion as for the radial velocity component measurements. 
Figure 2.9(b) shows schematically the orientation of beams for 
measuring the axial velocity component. The two beams entered the 
vessel through the trough wall forming a measurement volume in the 
e = 180° plane inside the vessel. The measurement volume could be 
moved to any r and z positions by traversing the optical bench in the x 
and the z directions respectively. 
In all cases, the beams entered the vessel with their optical axes 
normal to either the vessel wall or the vessel bottom. By taking into 
account the refractive index of distilled water (the fluid used as the 
working fluid and to fill the gap between the vessel and the trough), the 
position of the measurement volume could be determined. 
The beams were refracted as they entered the vessel due to the different 
refractive indices of air, Perspex and water and the intersection angle of 
the beams, K, changed. Though the dimensions of the measurement 
volume changed due to a change in K, the frequency to velocity 
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conversion factor (and the fringe spacing, A *) did not change. This is 
due to the fact that when light enters a denser medium, its velocity 
decreases resulting in a shorter wavelength. By considering Snell's law 
of refraction, the fringe spacing in water is the same as that found in 
air (see, for example, Nadarajah, 1992). 
Similarly, the anemometer used for measurements in the T = 294 mm 
could be traversed in three orthogonal directions. The optical elements 
were positioned on a 2 m long optical bench which was mounted on a 
compound traversing table attached to a vertical traversing column. 
The traversing accuracy in the x, y and z directions were 0.05 mm, 0.05 
mm and 0.25 mm respectively. All three velocity components were 
measured with the beams entering from the side of the vessel. The 
position of the measurement volume within the vessel was determined 
by an interactive computer programme considering the prinCiples of 
Snell's Law for the refraction of the laser beams passing from one 
medium to another. The program calculated the traverse of the 
compound table in two directions (x and y) required to move the 
measurement volume from a reference point to the point of 
measurement. The calculation allowed for the presence of the trough, 
the cylindrical vessel and the baffles in all possible beam orientations. 
The program also calculated the frequency-to-velocity conversion factor 
at each location. This computer program was not required for 
measurements made in the T = 100 mm vessel, since both beams 
entered the vessel either through a flat surface (Le. through the vessel 
base for the radial and tangential velOCity component measurements) or 
through a diametrical plane (i. e. for the axial velOCity component). 
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The working fluid (distilled water) in both vessels was seeded with 
neutrally buoyant particles (specific gravity = l.0 + 0.2) of 3 Jlm mean 
diameter. The forward scattered light produced when these particles 
crossed through the measurement volume was focused by a 80 - 200 
mm zoom lens onto a pinhole of 0.3 mm diameter at the front of the 
housing of a photo multiplier (EMI 9658B) which was powered by a 
Brandenburg 10 - 2000 Volts DC power supply. 
2.3.5 SIGNAL PROCESSING SYSTEMS 
Two types of signal processing system were used. A frequency counter 
was used for angle-resolved measurements, and a burst spectrum 
analyser was used for time-resolved measurements. 
FREQUENCY COUNTER 
The counter was a TSI model 1990B signal processor (TSI) and 
consisted of an input conditioner unit and a timer unit; the input 
conditioner unit essentially provided amplification and filtering of the 
incoming Doppler signal while the timer unit determined the frequency 
of the conditioned Doppler signal. The counter had a fixed threshold 
level of 50 mV to trigger the counting circuit of its timer unit. The 
counter was operating in 'single measurement per burst' mode (Le. only 
one measurement was made for every Doppler burst detected), and eight 
Doppler cycles were counted. 
Figure 2.10 illustrates schematically the signal processing procedure. 
The signal from the photomultiplier was amplified by a TSI 10099 5x 
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pre-amplifier and then input to the conditioner unit. The amplified 
signal was then passed through the band-pass filter within the 
conditioner to remove low frequency pedestal and high frequency noise. 
A typical band-pass filtered signal is shown in Figure 2.11. 
The filtered signal was then amplified by a variable gain and the quality 
of the conditioned signal was continuously monitored with an 
oscilloscope (Philips PM 3267). 
The timer then measured the time taken for eight cycles in a Doppler 
burst using a high resolution clock (+ 1 ns). The time measurement was 
compared with that measured simultaneously for five cycles of the same 
Doppler burst. A measurement was only accepted when the difference 
between the two measured times was within 30/0, thus eliminating or 
minimising noise contributions. Whenever a valid measurement was 
made, the measurement was made available as a digital output in a 
form of 8-bit time mantissa and 12-bit time exponent together with a 
'Data Ready' signal at the output buffer of the counter. 
The counter was interfaced with a 80286-processor based PC using a 
Dostek 1400A Laser Velocimetry Interface. The interface was controlled 
by a computer program to acqUire data from the counter and the arrival 
time / angle of the data. 
For the purpose of this investigation, the reference counter of the 
interface was clocked by the shaft encoder pulses to obtain the arrival 
angle of the acquired data. Shaft encoder pulses incremented the 
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reference counter which was reset every time a marker pulse was 
received. 
Acquisition of data could be enabled by a TIL high signal or disabled by 
a TTL low signal sent to the auxiliary input of the interface. In this 
work. the gate window width of the gating unit mentioned in Section 
2.2 was set to open to enable acquisition of data between a specified 
60° interval (Le. between two neighbouring blades); the pOSition of the 
window gate relative to the marker pulse was set according to the 
desired pOSition of the measurement volume, 
For the duration of the window gate open, if a "Data Ready" signal was 
sent by the counter, the interface acquired the data from the output 
buffer and stored it onto its on-board memory together with the 
number of counts registered on the reference counter ('angle' stamping). 
The procedure of data validation and the gating of the acquisition of 
data described above is depicted in Figure 2. 12. 
At the onset of the experiments, the number of samples that required 
to achieve statistically independent results was carried out, and it was 
found that at least 500 samples were required for each 1 ° blade angle. 
Therefore, for each measurement, over 60000 velocity data were 
collected between the two impeller blades (Le. 60° blade angle) so as to 
ascertain that there were a minimum of 500 data per blade angle. The 
velocity data and their corresponding arrival angles were then saved on 
a disk file for off-line processing. For angle-resolved measurements, the 







where U<p,i is the instantaneous velocity at blade angle <1>, U<p is the 
mean velocity at blade angle <I> and M is the number of samples. The 
rms velocity of each blade angle <1>, u'<p,was obtained from: 
U ' q, -
M 
(2.9) 
BURST SPECTRUM ANALYSER 
A Dantec BSA Enhanced Burst Spectrum Analyser (BSA) was used for 
the time-resolved measurements. The BSA is built around a hard-wired 
Fast Fourier Transform (FFT) processor and can measure at signal-to-
noise (SNR) levels as low as -6 dB (noise relative to the filter 
bandwidth), providing a higher data rate comparing with a counter-type 
signal processor and enabling time-resolved measurements to be 
performed with high data rates. 
The BSA was interfaced with a 80286-processor based PC via an IEEE-
488 interface. The BSA could be set up and controlled both from its 
front panel and via software (BURSTware 2.00) installed in the PC. The 
software was also used to acquire data from the BSA, calculate various 
statistical quantities, and export the acquired data to disk files for off-
line processing. 
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The signal processing procedure of the BSA is depicted in Figure 2.13. 
Signals from the photomultiplier were amplified and filtered and fed to 
the FIT processor via a mixer, an AID converter and an input buffer. 
Only Signals that were detected by the separate burst detector unit were 
stored in the input buffer. The output of the FIT processor was then 
fed to a post processor to determine and validate the Doppler frequency 
measured. Validated measurements were then stored in the output 
buffer. 
If a measured Doppler frequency was within the current setting of the 
bandwidth, Bw, it would be indicated on an instantaneous spectrum 
slidebar on the front panel of the BSA. The setting of either the 
bandwidth or the centre frequency (F c) of the instrument could then be 
adjusted, where necessary, so that all measured Doppler frequencies 
were contained within the set bandwidth. 
In order to optimise the data rate, the measured Doppler frequencies 
were monitored with an oscilloscope (Philips PM 3267). The gain of the 
input signals was adjusted to maximise the data rate, which was 
displayed on the front panel of the BSA, while ensuring that the 
instrument was not saturated. 
The data rate was then further optimised by selecting the optimum 
record length (number of samples used by the BSA to digitise a Doppler 
burst). The record length was set to maximise the data rate while 
maintaining a high validation rate (number of validated bursts divided 
by total number of burst detected, in %), which was displayed on the 
front panel. 
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The BSA was operated in 'Burst' mode, Le. only one measurement was 
performed per detected burst, and the measured frequencies were either 
time stamped or 'angle' stamped. When time stamping, the arrival 
times of the measured data were clocked by the internal clock of the 
BSA. When the pre-set number of data had been obtained, the 
measured data together with their arrival times were acquired by the PC 
from the output buffer of the BSA. Frequency data was then 
transformed to velocity data by the software and stored on disk files for 
off-line processing. 
For angle stamping, measurements were synchronised with the shaft 
encoder pulses. Measured data was stamped with the pulse count 
registered. Since the counter required a TIL high signal to reset, the 
marker pulse of the shaft encoder was fed to the BSA via a voltage 
converter to give a TIL high signal per revolution. Similarly, when the 
pre-set number of data had been obtained, the 'angle' stamped data was 
acquired by the PC and stored on disk files for further processing. 
2.3.6 SOURCES OF ERROR AND UNCERTAINTY IN THE LDA 
SYSTEMS 
In this section a brief analysis of the errors involved in the LDA 
measurements is made and where appropriate the uncertainties in the 
measurements are quantified. 
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FREQUENCY SHIFTING 
The frequency shift between the two first order beams was provided by a 
radial diffraction grating as mentioned in Section 2.2, rotated by a bi-
directional DC motor with feedback control. 
In this project, the same motor was used for the anemometers used in 
both the T = 100 mm and T =294 mm vessels. Variations of rotational 
speed were minimised by the use of a voltage stabiliser which reduced 
the effects of surges in the main supply. As a result the maximum rms 
variation in speed was about 0.5% and the maximum speed fluctuation 
within + 1 %. The influence of such variations in frequency shift on the 
measured rms values has been shown by Melling (1977) to be small; the 
errors introduced did not exceed 2% even in regions of low turbulence 
intensity. 
SEEDING 
LDA measures the instantaneous velocities of the seeding particles. 
Thus it is important that the particles follow the flow faithfully to 
obtain accurate results. In both vessels, the working fluid was seeded 
with Optimage seeding particles, which had a specific gravity of 1.0 + 
0.2. 90% of the seeding particles had diameters less than 3 flm, thus 
the particles are neutrally buoyant in water. The terminal velocity of 
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where dp is the mean diameter of the particles in m, Pp is the density of 
the particles in kg/m3 , P is the density of the fluid in kg/m3 , g is the 
acceleration due to gravity in m/ s2 and CD is the drag coefficient. Using 
values of CD = 10 and 0.44 for laminar and turbulent flows around the 
particles respectively (Nouri et al, 1987b), the estimated UT'S are 0.8 
mm/s and 4.2 mm/s respectively: they can be considered negligible and 
the velocity fidelity of the particles can be considered excellent. 
The seeding particles were mixed with a small amount of distilled water 
to fonn a suspension. This suspension was introduced to the working 
fluid gradually, so that an adequate number of Doppler bursts was 
observed on the oscilloscope, to minimise signal drop-outs. Care was 
taken to ensure that the fluid was not over-seeded. 
POSITIONING ERRORS 
The uncertainty in locating the measurement volume depends on the 
traversing mechanism of the anemometers. As mentioned earlier, the 
accuracy of traversing the anemometer used for the T = 100 mm vessel 
was 0.05 mm in the x and y directions, and 0.1 mm in the z direction. 
Taking into account of the refractive index of water, the maximum 
uncertainties in locating the measurement volume inside the vessel in 
the x, y and z directions were 0.07 mm, 0.07 mm and 0.13 mm 
respectively. 
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For measurements in the T = 294 mm vessel, the anemometer was 
traversed by the compound tables with accuracies of 0.05 mm in the x 
and y directions and 0.25 mm in the z direction. As the laser beams 
entered the vessel from the side, the location of the measurement 
volume was determined by a well-tested computer programme. The 
displacement of the measurement volume due to refraction, albeit 
small, varied according to the pOSition of the measurement volume 
itself and was accounted for at all locations. The maximum 
uncertainties estimated, taking into account the refractive index of 
water, were 0.08 mm in the x and y directions and 0.33 mm in the z 
direction. 
To align the marker pulse with the midpoint of an impeller blade, a 
laser beam positioned in the y = 0 mm plane, which contained the e = 
0° and the e = 180° planes, was shone at the mid-section of the 
impeller disk, and the impeller shaft was rotated slowly until the 
midpoint of a chosen blade coincided with the laser beam. The marker 
pulse was then aligned to the blade by rotating the shaft sleeving slowly 
until the marker pulse (TTL low) was displayed on the oscilloscope. The 
estimated uncertainties in aligning the marker pulse with the impeller 
blade were 0.17° and 0.06° for the T = 100 and 294 mm vessels 
respectively. 
Since the reference counters in the TSI and BSA for blade angle 
measurements could miss one pulse from the shaft encoder pulse train, 
and there were 2000 pulses per revolution, the corresponding 
uncertainty in blade angle measurement was 0.18°. 
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IMPELLER ROTATIONAL SPEED 
The impeller rotational speed was continuously monitored, and 
experiments commenced only when the speed had stabilised. For 
measurements made in the T = 100 mm vessel, the impeller speed was 
2165 rpm and the variation of impeller speed was kept within + 1 0 rpm 
(0.46%). For the T = 294 mm vessel, the impeller speed was 250 rpm, 
and the variation in speed was kept within +0.5 rpm (0.20/0). During any 
set of measurements, if the variation of speed exceeded these values, 
the measurements were rejected. 
BROADENING EFFECTS 
A number of errors may broaden the measured Doppler frequency 
spectrum. Such broadening can result from a number of causes; 
gradients in mean velocity (aG), small velocity fluctuations within a 
measurement volume of finite dimensions (aF) , the finite time taken by 
particles to cross the measurement volume (aT), and finite instrument 
bandwidth (ad. Brownian motion and the laser linewidth also 
con tribu te to the broadening effect (Durst et a!, 1981). Since the last 
two contributions have been shown by Durst et al (1981) to have a 
negligible effect, the total mean square contribution of the broadening 
errors, (ab) 2 , is given by: 
(2.13) 
and the measured mean square of fluctuation (aD)2 is the sum of the 
actual flow (av)2 and the broadening contributions (ab): 
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(2.14) 
When measurements are made across a velocity gradient, particles . 
crossing different parts of the measurement volume will have different 
velocities. This may result in both broadening and skewing of the 
Doppler frequency spectrum, causing errors in both the mean and rms 
velocities. The magnitude of the error is a function of the particular 
velocity distribution and the dimension of the measurement volume 




where Urn is the measured mean velOCity. (~')m is the measured 
turbulent intensity, Va is the true velocity corresponding to a point 
measurement, and (Jrnv2 is the standard deviation of the measurement 
volume dimension along its long axis. 
Equations (2.15) and (2.16) indicate that if the velocity gradient is 
nearly linear along the measurement volume, the error in the mean 
velocities will be small, whereas if the mean velocity gradient is steep 
and non-linear, it will cause a large error in turbulent intensity, 
particularly if the mean velocity is small or there is a reversed flow. 
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For measurements in the T = 100 mm vessel, a small measurement 
volume was formed by expanding the laser beam diameter as mentioned 
earlier; broadening effects due to velocity gradients were therefore 
minimised. In the 294 mm vessel the volume was larger but the 
gradients were less steep and therefore related errors may be expected to 
be small. 
Broadening due to small scale velocity fluctuations within the 
measurement volume, aF, has been approximated by George and Lumley 
(1973): 
(2.17) 
where amy is the standard deviation of the length of the measurement 
volume near the Kolmogorov microscale, £ is the turbulent energy 
dissipation rate, u is the Kolmogorov microscale and other symbols 
have their usual meanings. This requires prior knowledge of the rate of 
turbulent energy dissipation, E, and the Kolmogorov microscale, and 
the actual calculation is difficult. Melling (1975) estimated this error to 
be of the same order as the velocity gradient broadening. 
Finite transit time broadening, aT, and instrument bandwidth 
broadening, aI, are important in frequency tracking or spectrum 
analysis but not in frequency counting systems. The errors associated 
with the BSA processor cannot be directly determined without an 
extensive knowledge of all parts of the instrument. Only comparative 
error estimates are therefore possible. Comparison of measurements 
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obtained with the burst spectrum analyser and with the frequency 
counter was made in selected locations; the two values were similar 
(within 2%) in all cases. 
STATISTICAL ERRORS 
The number of samples for measurements of the ensemble-averaged 
mean and rms velocities can also result in an experimental error. Tests 
with different numbers of samples were made in various locations in 
the T = 100 nun vessel. 
Statistical error may be estimated from the equations suggested by 
Yanta (1973) for mean velocity: 
M = ( Zc)( rms )2 
E2 mean (2.16) 
and for rms velocity: 
M = (~~) (2.17) 
where M is the number of samples, E is the percentage error and Zc is a 
function of confidence level which is equal to 1.645, 1.96 and 2.58 for 
90, 95, and 99 percent confidence levels respectively. 
Assuming a turbulence level of 50% , according to Equations (2.16) and 
(2.1 7), a minimum sample size of 500 data points allows the mean 
velocity to be estimated with a maximum error of 3% and a confidence 
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level of 95%. For the same confidence level, this sample size enables 
the rms value to be determined with a maximum error of 6.30/0. 
BIAS EFFECTS 
When ensemble-averaged measurements are made with a constant 
seeding density in a turbulent flow, the measured probability 
distribu tion function (pdf) is biased towards higher velocities 
(McLaughlin and Tiederman, 1973). This is due to the fact that more 
fast moving than slow moving particles are observed crossing the 
measurement volume over the measuring period. Many researchers have 
tried to introduce correction methods. The reliability of such methods 
is often questionable. 
Hoesel and Rodi (1977) suggested weighting of the velocity data from 
individual particles with their residence time. Random sampling of the 
measured velocities obtained by individual particles after sorting the 
data obtained by all particles was proposed by Durao and Whitelaw 
(1975). Drain (1980) proposed randomising the time intervals between 
measurements. 
However, a suitable method to eradicate this type of error has not been 
devised as yet, particularly for three-dimensional flows. In the present 
work as the turbulence intensities of the flow are high, velocity bias 
errors are expected to be low and thus bias correction methods are not 




Though there are a number of possible errors involved in an LDA 
system as mentioned in the preceding section, measurement 
uncertainties vary with location and are difficult to calculate precisely. 
Suen (1992) checked the accuracy of a LDA system similar to that 
employed in the present work by measuring the known velocity of a pin 
rotated by a DC motor. He found that the mean and rms velocities were 
determined within 1 % and 2% respectively. The accumulated errors in 
the mean and rms velocity measurements presented here were 
estimated to be, on average, 1 - 5% and 5 - 10%, respectively, of the 
values quoted. In addition, a comparison of the normalised radial mean 
and rms velocity profiles with those reported by Mahmoudi (1994) 
shows that they are in very close agreement. Thus the uncertainties 
introduced by the aforementioned error sources are small enough so as 
not to have any significant effect on the measurements of mean velocity 
and turbulence presented in the present work. 
Detailed mean velocity, turbulence level and turbulence kinetic energy 
results obtained with the single- and double-impeller configurations are 
presented in Chapters 4 and 5 respectively. In order to minimise 
interpolation and velocity gradient related errors which are expected to 
be the most significant sources of uncertainty in the present work, 
small measuring volumes were employed and the density of the grid of 
the measurement locations was non-uniform. More data were obtained 
near the impeller where the velOCity gradients are steeper and fewer 
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Figure 2.5 A typical interference fringe pattern produced by two crossing 
beams. 







Figure 2.7 The optical arrangement of the anemometer used for the T = 




Figure 2.8 The optical arrangement of the anemometer used for the T = 




Figure 2.9 Beams orientation for measuring (a) the radial component; 
and (b) the axial component in the T = 100 mm vessel. 
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Figure 2.10 The frequency counter signal processing procedure. 
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Figure 2.12 The amplitude validation, time validation, gating and 

















Figure 2.13 The signal processing procedure of the BSA. 
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CHAPTER 3 
DEVELOPMENT OF A LIQUID CRYSTAL 
THERMOGRAPHIC TECHNIQUE FOR THE 




In the survey of published literature in Chapter 1 three types of 
measurement were identified as essential for the understanding and 
optimisation of fluid mixing processes: mean flow and turbulence 
characteristics, power consumption and mixing time. LDA techniques 
appropriate for the unobtrusive measurement of flow quantities were 
described in the preceding chapter. Power consumption can be 
determined accurately without affecting the mixing process investigated 
with strain-gauge telemetric torque measurement systems attached to 
the shaft or with air bearings. The review of experimental techniques 
for the measurement of mixing time in Chapter 1 has indicated that an 
accurate and non-obtrusive technique for the measurement of mixing 
time would be useful. In the present work, a liquid crystal 
thermographic technique was developed for mixing time measurements 
in stirred vessels. The development of this technique was carried out in 
two stages. 
Initially, in order to study the feasibility of applying liquid crystal 
thermography in mixing vessels, a specially-designed vessel was 
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constructed and liquid crystal thermography was applied to measure 
the transient temperature distributions in the vessel produced both 
under free convection conditions and by a propeller agitator. 
Subsequently, a thermographic technique using insertion of liquid 
crystal tracers was developed and applied in the 100 mm diameter 
mixing vessel described in the previous chapter. In the following 
sections, the principles and methodology of liquid crystal thermography 
and the digital image processing system and the experimental procedure 
used in all three stages of technique development are described. 
3.2 LIQUID CRYSTAL THERMOGRAPHY (LCT) 
Liquid crystals are organic materials which exhibit a phase between the 
boundaries of the solid phase and the conventional, isotropic liqUid 
phase. This is termed a mesomorphic phase, often abbreviated to 
mesophase. An essential reqUirement for mesomorphism to occur is 
that the molecule must be highly geometrically anisotropiC, like a rod 
or a disk. A substance in this state is strongly anisotropiC in some of 
its properties typical of the crystalline state, such as optical anisotropy 
and birefringence; on the other hand, it also exhibits mechanical 
properties typical of the liqUid state, such as fluidity and surface 
tension. 
Liquid crystals are divided into two broad categories: lytropic and 
thermotropic. Lytropic liqUid crystals are compounds that show optical 
anisotropy when dissolved in a particular solvent; one example is soapy 
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water. On the other hand, thermotropic liquid crystals are compounds 
that display an anisotropic liquid character at a temperature between 
those of their pure crystalline and isotropic liquid states. 
Thermochromic liquid crystals are a type of thermotropic liquid crystals 
with rod-like molecules, which reflect light at a specific wavelength for 
a given temperature. Liquid crystal thermography utilises the 
temperature dependency of thermochromic liquid crystals. By 
evaluating the colour display, accurate temperature measurements can 
be obtained. 
Details of the chemical and physical properties of liquid crystals are 
given, for example, by Chandrasekhar (1977). In the following section a 
general description of thermo chromic liquid crystals is given, and the 
methodology for the interpretation of the colour display is described in 
Section 3.2.2. 
3.2.1 THERMO CHROMIC LIQUID CRYSTALS 
Following the nomenclature proposed originally by Friedel 
(Chandrasekhar, 1977), thermotropic liqUid crystals with rod-like 
molecules are classified broadly into three main groupings according to 
their optical properties or their molecular arrangements: smectic, 
nematic and chiral nematic (cholesteric). 
Smectic liqUid crystals are distinguished not only by their stratified 
structures, but also by the parallelism of the long axes of their 
molecules. Over a dozen distinct smectic phases have been identified 
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and the structure of the simplest form is depicted in Figure 3.1. As 
shown in the figure, the molecules are upright with their centres 
irregularly spaced. The interlayer attractions are weak compared to the 
lateral forces between molecules so that the layers are able to slide over 
one another relatively easily. Hence this meso phase has fluid 
properties, though it is considerably more viscous than the other 
phases. 
In the nematic phase the molecules are spontaneously oriented with 
their axes approximately parallel, but the positions of their centres are 
more disorganised than in the smectic phase. Hence no discrete layers 
can be identified, as shown in Figure 3.2. The preferred molecular 
direction usually varies from point to point in the medium. 
Chiral nematic liqUid crystals are composed of optically active 
molecules. They are usually referred to as cholesteric liquid crystals as 
the first compounds found to exhibit this phase were derivatives of 
cholesterol. Thermochromic crystals used in liquid crystal 
thermography are mixtures of chiral nematic crystals. 
In the chiral nematic phase, the molecules are arranged in thin layers. 
Within each plane layer the molecules are aligned with their long axes 
parallel like in the nematic phase, and have an average direction 
defined by a unit vector f. Each layer is slightly twisted with respect to 
the next. The effect is cumulative and an overall helical structure is 
formed as shown in Figure 3.3. The average molecular direction of each 
layer, f, traces out a helix in space. The pitch length, P, defined as the 
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longitudinal distance in which the direction vector, r, undergoes a 
complete 3600 revolution, is used to quantify the degree of twist. 
This spiral arrangement of molecules in this mesomorphic phase is 
responsible for the unique optical properties, namely, selective 
reflection of incident white light to show bright iridescent colours and a 
rotatory power about a thousand times greater than that of most 
optically active substances. Changes in temperature affect the rotation 
angle between adjacent layers and hence the pitch of the helix. Light is 
reflected from the crystals due to Bragg diffraction from molecular 
layers whose axes are aligned and the colour of the reflected light 
changes with molecular orientation. According to Chandrasekhar 
(1977), an elementary picture of the temperature dependence of the 
pitch can be given in analogy with the theory of thermal expansion in 
crystals. Assuming anharmonic oscillations of the molecules about the 
helical axis, the mean angle between successive layers, 8, is given by: 
- AKT 
8=---
2 I roo 4 
(3.1) 
where A is the coefficient of the cubic anharmonicity term, K is a 
constant, T is the temperature, I is the moment of inertia of the 
molecules and roo is the angular frequency. Thus the pitch, P ex: 1 / 8, 
decreases slightly with temperature. Chiral nematic liquid crystals 
usually turn from colourless to red (long wavelength) at low 
temperatures, passing through the colours of the visible spectrum to 
blue/violet (short wavelength) and finally to colourless again at higher 
73 
temperatures. The characteristic wavelength at which a particular 
chiral nematic crystal scatters light, Ao, is given by: 
Ao = J.1 P (3.2) 
where J.1 is the mean refractive index, and P is the pitch of the helix. 
Ao generally depends on the liquid crystal composition, the imposed 
electric and magnetic fields, pressure, shear stress, vapour present in 
the fluid and the angles of incidence and reflection of the light, as well 
as temperature. Moreover, as liquid crystals do not change colour 
abruptly at a single precise temperature, but sweep through the spectral 
range from red to blue over a range of temperatures, the interpretation 
of liquid crystal images is complicated and may be made more complex 
by the often imperfect colour response of the crystals. 
In order to extract the temperature information from the liquid crystal 
colour displays, it is necessary to calibrate the liquid crystals at the 
outset of an experiment so as to ascribe particular colours to 
temperatures over the response range of the liquid crystals. 
Furthermore, since liquid crystals are subject to contamination and 
deterioration, calibration may also be necessary in regular intervals to 
ensure that no change of the response characteristics has occurred. The 
methodology of measuring colour as so to ascribe particular colours to 
temperatures is described in the following section. 
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3.2.2 COLOUR MEASUREMENT 
Light might be conceived as consisting of an agglomeration of light rays 
and is generally considered as electro-magnetic radiation, like X-ray 
and radio waves. The monochromatic radiations of light rays are 
distinguished by their frequencies. Frequency (f) and wavelength (A) are 
related by: 
c = Af (3.3) 
where c is the velocity of light (= 2.998x108 m/s). Though light has 
different velocities in different media, changes in c are small. Therefore, 
monochromatic radiations can be characterised either by their 
frequencies, or by their wavelengths and wavelength is the most 
frequently used characteristic. 
Monochromatic radiations with wavelengths smaller than 380 nm or 
larger than 780 nm are in general invisible to the eye. Within the 
visible spectrum, it is estimated that ten million different colours can 
be distinguished by humans (Judd and Wyszecki, 1975). Though 
wavelength is a physical quantity, which can be objectively measured 
with great accuracy, colours perceived by individuals depend on all 
kinds of properties of the human visual system. The determination of 
colours by humans is therefore very complex as it involves a subjective 
physiological process (Bloomer, 1990). 
In order to evaluate colours quantitatively, various schemes of 
specifying colour have been proposed and adopted. Amongst those 
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schemes three-colour (or trichromatic) matching has formed the basis 
of the system of colour specification which has been adopted 
internationally. 
Trichromatic matching involves experiments on the response of the 
human eye. which uses a set of three monochromatic lights as additive 
primaries; namely red. green and blue lights to cover the long. medium 
and short wavelengths. respectively. of the visible spectrum. The 
intensities of the three primaries are adjusted until a perfect match 
with a test colour is perceived by an observer. 
The data obtained from two separate trichromatic matching 
experiments carried out by Guild and Wright (Hunt. 1991) were 
combined by transforming each set of data mathematically to obtain 
the same results as if the following monochromatic matching stimuli. 







However. to match all colours in the visible spectrum using the RGB 
tristimuli. it is necessary to use negative intensities. In order to 
ameliorate this, the Commission Internationale de I' Eclairage (CIE) 
drew up in 1931 an internationally adopted system of colour 
specification. This system uses the tristimulus values, X, Y and Z to 
denote the amount of red, green and blue lights needed to form any 
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given colour. The relationships between the RGB and the XYZ 
tristimuli are as follows: 
x = 0.49R + 0.31G + 0.20B 
Y = 0.17697R + 0.81240G + 0.01063B 




Important colour attributes are related to the relative magnitudes of 
the tristimulus values. Relative tristimulus values x, y and z, called 










therefore if x and yare known, z can be calculated from Equation (3.6). 
Hence, all possible colours can be mapped by plotting y as the ordinate 
against x as the abscissa, which is usually referred to as the x, y 
chromaticity diagram. Figure 3.4 shows an x, y chromaticity diagram 
indicating the spectral locus with its two ends joined by a straight line 
(known as the purple boundary). The co-ordinates of the tristimuli R, G 
and B are also marked on the diagram. 
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The triangle fonned by the co-ordinates of the three stimuli R, G and B 
encloses all colours reproducible by positive RGB tristimulus values. 
The area enclosed by the spectral locus and the purple boundary defines 
the domain of all possible colours and any point within this area can 
be described by its chromaticity co-ordinates (x, y). 
However, the distribution of colours in the x, y chromaticity diagram is 
non-unifonn, so that distances between pairs of pOints representing 
two colours having the same perceptual differences vary widely over the 
diagram. To account for this, CIE introduced in 1976 another type of 
chromaticity diagram. This is known as the CIE 1976 uniform 
chromaticity scale diagram (commonly referred to as the u', v' diagram), 
shown in Figure 3.5. The relationships between u', v' and x, yare given 
by: 
u' = 4xj(-2x + 12y + 3) 
v' = 9yj(-2x + 12y + 3) 
(3.7a) 
(3.7b) 
Thus any colour can be described by its u' and v' co-ordinates as well as 
by its x, y co-ordinates. In addition, the u', v' system also provides two 
measures to describe colours: the CIE 1976 u', v' hue angle, h and the 
CIE 1976 u', v' saturation, s. They are given by: 
h = arctan ((v' - v'n) j (u' - u'n)) (3.8a) 
and (3.8b) 
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where u 'n and v'n are the values of u ' and v' of a selected reference 
white. h lies between 0° and 90° if (v' - v 'n ) and (u' - u ') are both 
positive; between 90° and 180° if (v' - v 'n ) is positive, and (u' - u 'n ) is 
negative; between 180° and 270° if ( v' - v'n ) and (u' - u 'n ) are both 
negative; and between 270° and 360° if ( v' - v'n ) is negative and (u' - u 'n ) 
is positive. 
Figure 3.6 illustrates the geometrical definition of hand s for a colour. 
In the diagram, C and N are the points representing the colour 
considered and the reference white respectively. h is the angle between 
the line NC and the horizontal line drawn from N to the right, 
measured anti-clockwise from the horizontal line; and s is 13 times the 
distance between N and C. 
In colour television/video transmission, the colours are also produced 
by addition of mixtures of red, green and blue. However, the matching 
stimuli used in television/video transmission are different from those 
mentioned earlier, and the chromaticity co-ordinates of the three 








y = 0.33 u' = 0.451 v' = 0.523 
Y = 0.60 u' = 0.121 v' = 0.561 
Y = 0.06 u '= O. 1 75 v' = O. 158 
The co-ordinates of these three primaries are shown on a x, y 
chromaticity diagram and on a u ', v' diagram in Figures 3.7 and 3.8 
respectively. The areas enclosed by the triangles fonned by the three co-
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ordinates on both diagrams define the domain of all colours that are 
reproducible using the three stimuli R, G and B, which is a subset of all 
possible colours. In the present work the hue angle and saturation of 
any RGB colour were obtained using Equations (3.8a) and (3.8b) and 
the above table of x, y , u' and v' values. 
3.3 THE DIGITAL IMAGE PROCESSING SYSTEM 
The digital image processing system used in this work to record and 
interpret the video images of the liquid crystal colour displays is shown 
schematically in Figure 3.9. It comprised the following equipment: 
1. a CCD colour video camera with PAL colour standard composite 
video signal output (Sony EVI-IOIIP); 
2. a S-VHS PAL video cassette recorder with still frame facility 
(Panasonic NV-FS200 HQ); 
3. a multi-system/RGB monitor (JVC TM-150 PSN-K); 
4. a computer (MaCintosh II fx); 
5. a video frame grabber / digitiser card (Screen Machine) and 
associated software (SM Camera) installed in (4). 
Liquid crystal colour displays are captured by the camera and the 
composite video signal output of the camera is input to the video 
cassette recorder. The signals received by the video recorder are observed 
on the monitor to assess the quality of the images. When satisfactory 
conditions are attained, the events are recorded onto video tapes at a 
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rate of 25 frames per second. The frame rate is determined by the PAL 
colour standard used by the video system. 
The recorded events are then played back in a 'frame-by-frame' mode, so 
that the timing of the frame to be analysed relative to a reference 
frame/ start of the event investigated can be ascertained. The composite 
video signal of a frame is input to the computer via the frame 
grabber / digitiser card. The frame grabber decodes the composite video 
signal and grabs the frame as a RGB true colour image. 
The grabbed image is digitised into a 24-bit digital image composing of 
three planes of pixels where each pixel has a red, green and blue 
intensity, each coded on a 8-bit format (Le. 256 levels). The digitised 
image is then stored on disk for off-line colour measurement to obtain 
the hue, saturation and lightness of each pixel. 
Digitisation of an image can be set to 100%, 50% or 25% of the number 
of pixels recorded according to the resolution required and/ or to 
minimise computational time. Highest resolution is obtained by 100% 
digitisation with which every pixel of the image is analysed, resulting 
an image of 756 x 512 pixels. With 50% digitisation, one in every two 
pixels horizontally and vertically is digitised, resulting in an image size 
of 378 x 256 pixels. In the case of 25% digitisation, one in every four 
pixels is digitised and the image size is 189 x 128 pixels. During the 
first two stages of the technique development, 50% digitisation was 
used. In order to obtain the highest possible resolution, 100% 
digitisation was used when the technique was applied for the 
measurements of mixing time. 
81 
The aforementioned descriptions of liquid crystals and colour analysis 
have indicated the complexity of the tasks involved in the development 
and application of LeT techniques. The complexity of the flow processes 
in stirred vessels necessitated the development of the temperature 
/mixing time measurement technique in three stages, as outlined in 
Section 3. 1. In the following section the natural convection and forced 
convection stages of development, with liqUid crystals already 
suspended in the flow in a cylindrical vessel, are described. In Section 
3.5 the third stage, the extension of the technique for the measurement 
of mixing time, is described. 
3.4 DEVELOPMENT AND APPLICATION OF LCT IN TWO 
CONVECTION EXPERIMENTS 
3.4.1 FLOW CONFIGURATION 
The test section assembly is shown in Figure 3.10. It comprised a 
cylindrical unbaffled vessel, 100 mm in diameter and 120 mm in height. 
The vessel was installed inside a trough of square cross-section and the 
gap between the vessel and the trough was filled with water. This was 
necessary to minimise refraction effects at the outer curved surface of 
the cylinder as well as to ensure that the heat generated by the 
illuminating light source did not affect to any Significant extent the 
colour displayed by the liqUid crystals. Both the vessel and the trough 
walls were made of transparent acrylic material (Perspex) to maximise 
optical access. The working fluid inside the cylindrical vessel was 
distilled water and the height of the liqUid column was 100 mm. 
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Thennochromic liquid crystals encapsulated as gelatine-shell micro-
spheres of 20 ~m mean diameter were suspended in the working fluid. 
For the forced convection experiments, a three-blade propeller of 30 mm 
diameter located centrally in the vessel and 10 mm above the bottom 
was used to agitate the fluid. The propeller rotational speed was kept 
constant at 60 rpm. 
A temperature gradient was generated along the vessel axis by means of 
two metal plates which formed the lid and the bottom of the cylindrical 
vessel. Three Peltier-effect heat pumps were attached to the bottom 
plate to provide a source of heat. Similar pumps were attached to the 
lid in reverse fashion to remove heat. The reverse sides of the pumps on 
the lid and the bottom of the vessel were attached to extensive finned 
surfaces (heat sinks) in order to maximise the heat removal/addition 
effect of the pumps. The temperatures of the two metal plates were 
controlled independently by adjusting the voltages and/ or currents 
supplied to the heat pumps. The lid also provided a means of 
eliminating the formation a vortex and consequent air entrainment 
from the free surface. This entrainment occurred when the agitator was 
rotating in the absence of the lid. It was found that air entrainment 
resulted in large bubbles being suspended in the flow which interfered 
with the light scattered by the liquid crystal tracers. 
In both the free and the forced convection experiments, the 
temperatures of the outside surfaces of the top and the bottom plates, 
i.e. the surfaces where the heat pumps were attached, were maintained 
at 16.1°C and 29.3°C respectively. 
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3.4.2 EXPERIMENTAL PROCEDURE 
The liquid crystals used displayed colours which could be visually 
distinguished for temperatures between 24°C and 29°C. Within this 
range, small changes in temperature can be registered with a unique 
value of hue. Outside this range the accuracy is poor and cannot be 
readily ascertained. 
The illumination of the liqUid crystal colour display was provided by a 
collimated 2 mm thick sheet of white light produced by a 1 kW mercury 
lamp. The heat generated by the light source was dissipated by the 
water placed in the gap between the vessel and the trough, hence the 
effect on the colour displayed was negligible. 
The liquid crystal colour displays were recorded by the colour video 
camera mentioned in Section 3.3. The aperture of the video camera lens 
was kept fully open, the shutter speed used was 1/50 s and the image 
collecting angle was 90°+2° to the plane of illumination. The physical 
dimensions of the entire view captured by the video camera was 140 
mm x 100 mm, and 50% digitisation was used. This represents a 
resolution of about 3 pixels/mm in both directions. These conditions 
as well as the lighting condition used were identical for both the 
calibration tests and the actual experiments. 
In order to calibrate the variation of hue with temperature to obtain an 
accurate quantitative description of the thermal distribution in the 
vessel, a diametrical plane was illuminated and the top and the bottom 
heating plates were set at the same temperature. When steady state 
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conditions were reached, the temperature of the fluid was measured 
using a fine-wire thennocouple and the image of the thennal field was 
recorded. This was repeated for 10 different temperatures. The image 
was then analysed using the system described in Section 3.3. Although 
the illuminating sheet of light was collimated, unifonn illumination of 
the entire thennal field viewed and analysed is invariably difficult. Hue 
angles of the image at various locations were obtained by averaging 
small parts of the image to account for local variations in the observed 
colour. therefore, differences in illumination intensity and viewing 
angle were compensated for (Dabiri and Gharib, 1991). 
This process was then repeated with the top and bottom plates set at 
various temperatures to cover the whole response range of the liquid 
crystals. The relationship between temperature and hue angle at 
various locations within the thennal field is obtained by using a third 
order polynomial curve fitting of the calibration data over the 
temperature range 24°C to 29°C in the fonn of: 
(3.9) 
where t is the temperature in °C, h is the hue angle (varying from 0 -
255) and ait bit Ci and di are constants for the area i within the thennal 
field. A typical calibration curve obtained is shown in Figure 3.11, 
which has a shape similar to those obtained with other types of 
thermo chromic liquid crystals, for example, Moffat (1990) and Lee and 
Yianneskis (1993). 
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The liquid crystal colour display in the actual experiments was recorded 
onto video tape. The recorded display is then played back in a 'frame-
by-frame' mode. Each frame was captured by the frame grabber and 
digitised into a 24-bit digital image composing of three planes of pixels 
where each pixel has a red, green and blue intensity, each coded on an 
8-bit format (Le. 256 levels). These intensity values were then 
transferred to a VAX mainframe computer and read by a specially-
written FORTRAN program as three sets of two-dimensional arrays. 
From these values the program computed the values of hue of each 
pixel by using Equation 3.8(a). Subsequently the hue distribution was 
transformed into temperature distribution using the calibration data 
and temperature contours were then plotted using various UNlRAS 
software subroutines. 
3.4.3 RESULTS 
NATURAL CONVECTION EXPERIMENT 
Figure 3.12 shows a topographic map of the distribution of hue from a 
recording obtained with free convection taking place in the vessel. The 
figure shows only part of the image captured corresponding to one-half 
of the vessel cross-section. A pixel-to-pixel analysis was then carried 
out to transform this hue distribution into temperature contours using 
the calibration equations obtained for the different pixel locations, and 
the temperature contours obtained are shown in Figure 3.13(a). This 
procedure was then repeated for subsequent video frames. Figure 
3. 13(b) shows the temperature contours obtained from a second video 
frame, recorded exactly 3 seconds after that shown in Figure 3.13(a). 
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The contours in Figure 3.13(a) indicate a thermal current rising near 
the axis of the vessel. As this region of hotter fluid reaches the top of 
the vessel it is directed towards the cylinder wall. An extensive region of 
cooler fluid is located near the lower right side of the vessel. A second 
hot region can be observed near the middle of the vessel wall. The 
presence of this region indicates that, even though the vessel is 
axisymmetric, the free convective flow produced is three-dimensional. 
However, this may be due, to some extent, to an uneveness of the 
temperature of the lateral walls, as the temperature of the water in the 
trough, although monitored, it was not controlled. 
Figure 3.13(b) shows more evidence of three-dimensionality in the flow: 
the hot region near the top appears to have broken into two and the 
second hot region along the wall has increased in size. The temperature 
distribution along the axis of the vessel is similar to that in Figure 
3.13(a) and cooler fluid is present near the wall around z = 25 mm and 
r = 40 - 50 mm. 
FORCED CONVECTION EXPERIMENT 
Similarly, the recording obtained with the flow in the vessel stirred by 
the propeller was analysed. Figures 3.14(a) shows one of the 
temperature contour maps obtained. The temperature gradients, both 
axial and radial, are significantly smaller in this experiment, as might 
be expected due to the mixing effect of the propeller. The flow produced 
by the propeller is predominantly in the axial direction, with a Swirling 
component superimposed. The temperatures near the axis of the vessel, 
around r = 0 mm to 20 mm, are lower, as the propeller draws 
87 
downwards the fluid which is located near the top and hence cooled by 
the heat pumps. The down-flowing fluid is heated by coming into 
contact with the bottom (hot) plate and the upward flow along the 
cylinder wall generated by the propeller is marked by the region of 
hotter fluid around r = 25 mm to 50 mm. Near the top of the wall (z = 
60 mm to 100 mm and r = 40 mm to 50 mm) a region of cooler fluid can 
be observed. This may be due to the presence there of a small vortex 
which inhibits the entrainment of hotter fluid from the rising propeller 
stream, resulting in lower temperatures locally. 
The temperature distribution 3 seconds later shown in Figure 3.l4(b) is 
essentially similar. The differences between the recordings at the two 
instances indicate that there is some unsteadiness in the flow which 
may be partly due to turbulence. 
DISCUSSION 
The results show conclUSively that qualitative as well as quantitative 
results can be obtained using liquid crystal thermography. However, 
before extending the technique for the measurement of mixing time, 
certain modifications/improvements are required. First, the 
temperature of the water in the trough has to be controlled in order to 
minimise the unevenness of the temperature of the lateral walls. 
Second, although the differences in illumination intensity and viewing 
angle were compensated by averaging small parts of the image across 
the flow field to account for local variations, in order to obtain 
accurate results, averaging had to be carried out over a large number of 
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such parts, which greatly increased the computational time during 
analysis. Therefore, the lighting of the flow field has to be improved. 
3.5 APPLICATION OF LIQUID CRYSTALS AS INSERTED 
TRACERS IN MIXING EXPERIMENTS 
3.5.1 FLOW CONFIGURATION, CALIBRATION AND 
EXPERIMENTAL PROCEDURE 
The colours displayed by the liquid crystals depend on the lighting 
conditions as well as on the image collection angle. As mentioned 
earlier, differences in illumination intensity and viewing angle can be 
compensated by using different calibration curves for different areas of 
the flow field. However, such a method greatly increases the 
computational time, especially in the case of mixing time 
measurements where a great number of frames have to analysed to 
determine the mixing time. Therefore, when extending the technique to 
mixing time measurement, the lighting condition and image collection 
angle were optimised+ so that during the calibration experiments the 
values of hue of all pixels were within +5 of the mean value of hue at 
any particular temperature. 
The test section used was the 100 mm diameter stirred vessel described 
in Chapter 2. The geometry and dimensions of the test section were 
deSCribed in Section 2.2 and shown in Figures 2.1 and 2.2. The working 
fluid inside the cylindrical vessel was distilled water and the liqUid 
column height was 100 mm. As before, thermochromic liqUid crystals 
t !he lighting condition was improved by passing the sheet of light through a pair of 2 mm Ql1to 'h.o.f ___ : ........ _4... ___ .-1 ""-1 _________ 1! 1 J "I. "I.. .11... _ 
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encapsulated as gelatine-shell micro-spheres of 20 /-lm mean diameter 
were suspended in the working fluid. The fluid was agitated by either 
one or two Rushton impellers (details of the impellers are given in 
Section 2.2 and Figure 2.3). The clearances used were those described 
in Chapter 2 (see Figure 2.4). A lid was used to eliminate the formation 
of a vortex in the free surface as for the LDA measurements. 
The liquid crystals used displayed colours in the same temperature 
range as those mentioned earlier, Le. between 24°C and 29°C. The 
illumination of the liqUid crystal colour display was provided by a 
collimated 2 mm thick sheet of white light produced by a 1 kW mercury 
lamp. The heat generated by the light source was dissipated by the 
water placed in the gap between the vessel and the trough, hence the 
effect on the colour displayed was negligible. 
The aperture of the video camera lens was kept fully open, the shutter 
speed used was 1/50 s and the image collecting angle was 90°+2° to the 
plane of illumination. The physical dimensions of the entire view 
captured by the video camera was 150 mm x 100 mm, and 100% 
digitisation was used. This represents a resolution of about 
5 pixels/mm in both directions. These conditions as well as the lighting 
conditions used were identical for both the calibration tests and the 
actual experiment. 
The recordings were subjected to a 'frame-by-frame' analysis to obtained 
the intensity values of the R, G and B planes. The values were then 
transferred to the VAX mainframe computer and processed to obtained 
the hue distributions of the images. Since imperfections in the liqUid 
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crystals used were inevitable, a process was considered to be fully-
mixed when 95% of the pixels in each image had the same value of hue. 
To calibrate the variation of hue with temperature, the e = 0° plane was 
illuminated. The constant temperature water bath which feeds water 
into the trough of the test section was set at the desired temperature. 
When steady state was reached in the vessel, the temperature inside 
the vessel was measured by a fine-wire thermocouple, and the thermal 
field was recorded. This process was repeated to cover the response 
range of the liquid crystals. The recording was then analysed using the 
image processing system described previously to obtain the calibration 
curve which is shown in Figure 3.15. 
It can be observed from Figure 3.15 that, within the temperature range 
of 25°C to 27.5°C, small changes in temperature can be registered with 
a unique value of hue and inside this range the value of hue varies 
apprOximately linearly with temperature. Experiments were therefore 
only conducted within this temperature range. It should be noted that 
differences in calibration and crystal response with the earlier 
experiments stem from differences in lighting conditions and vessel 
constructions. 
For the mixing time measurements, the temperature of the working 
fluid inside the vessel was kept constant at 25.2°C. A 5 ml tracer of 
liqUid crystals suspended in distilled water, having the same crystal 
concentration as the fluid in the vessel, was heated in a constant 
temperature water bath to 27°C and inserted into the vessel at r = 25 
mm in the e = 0° plane through the lidt The transient process of the 
t The tracer was inserted into the vessel at the liquid surface bv applvinE! a dead weiQ"ht to a 
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mixing of the inserted tracer in the vessel was recorded onto video tape. 
The tracer insertion was performed after the video recording had 
commenced so that the beginning of the insertion could be accurately 
determined. 
Experiments were conducted at four impeller rotational speeds for both 
the single- and double-impellers configurations. The rotational speeds 
were 5+0, 1083, 1625 and 2165 rpm, corresponding to Reynolds 
numbers of 10000,20000,30000 and 40000 respectively. 
3.5.2 SAMPLE RESULTS 
Figure 3. 16(a) shows an unprocessed (colour) image obtained from a 
recording made with the flow stirred by a single impeller at a speed of 
540 rpm. This image was obtained 160 ms after the start of the 
insertion of the tracer and only half of the vessel cross-section at the 
e = 0° plane is shown. The tracer jet, which was at a higher 
temperature than the fluid in the vessel, is indicated by the blue region 
of the figure. It can be observed that the jet has penetrated as far as the 
impeller region. The tracer jet path is affected by the impeller stream, 
curving slightly towards the vessel wall. 
Figure 3.16(b) shows the corresponding hue contour map of the image 
obtained 160 ms after the start of the insertion of the tracer. The region 
with hue values between 120 and 135 observed near the bottom the 




In this chapter, the principles of liquid crystal thermography, digital 
colour analysis and the various stages of the development of the liquid 
crystal thermographic technique for the measurement of mixing time 
have been described. The results obtained during the development of 
the technique show that the LCT method can be used to determine 
qualitatively and quantitatively temperature/mixing time in stirred 
vessels. 
The mixing time measurements obtained in the vessel stirred by single 
and double impellers at various speeds using the liqUid crystal 
technique developed are presented in Chapter 6. 
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Figure 3.1 The smectic liquid crystal structure. 
Figure 3.2 The nematic liquid crystal structure. 
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Figure 3.4 The x, y chromaticity diagram showing the spectral locus 
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Figure 3.12 A topographic map of the distribution of hue of a recording 
obtained with free convection taking place in the vessel. 
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Figure 3.13 Temperature contours of the free convection flow field: (a) 
start of observation; (b) three seconds later. 
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Figure 3.14 Temperature contours of the flow field in the stirred vessel: 
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Figure 3.15 The calibration curve for the mixing time measurements in 
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Figure 3.16 Sample results: (a) image of half of the flow field stirred by a 
single Rushton impeller at 540 rpm, 160 ms after the start of the insertion 
of the tracer; and (b) the corresponding hue distribution. 
CHAPTER 4 
VELOCITY CHARACTERISTICS OF A STIRRED 
VESSEL WITH A SINGLE RUSHTON IMPELLER 
4.1 INTRODUCTION 
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In this chapter detailed LOA measurements of the velocity 
characteristics of the trailing vortex structure in the impeller stream of 
a vessel stirred by a single Rushton impeller are presented. The mixing 
vessels used in this investigation and the LOA experimental techniques 
employed have been described in Chapter 2. Most of the measurements 
reported were made in the smaller vessel. The vessel had a diameter T = 
100 mm, and the liquid height in the vessel was H = T. The Rushton 
impeller employed had a symmetrical hub and a diameter 0 = T/3. The 
impeller was located inside the vessel with a clearance C = T 13 from the 
base of the vessel. The impeller was rotated in a clockwise direction as 
viewed from above. The rotational speed of the impeller was kept 
constant at N = 2165 + 10 rpm, which corresponded to a Reynolds 
number of 40000, throughout the investigation. 
The origin of the co-ordinate system used is the centre of the base of 
the vessel. To allow comparisons with measurements made in vessels of 
different sizes, all distances are normalised with the vessel diameter T, 
and all locations are described in terms of normalised axial (ziT), 
normalised radial (r IT) and tangential (8) co-ordinates. All 
105 
measurements were conducted in the e = 0° plane, located azimuthally 
halfway between two adjacent baffles (Le. 45° away from each baffle). 
At the start of the experiments, various methods of processing the 
velocity data were considered to establish the most appropriate ones. 
Even though the flow in the impeller vicinity of stirred reactor vessels is 
periodic, ensemble-averaged LDA measurements obtained over 360° of 
impeller revolution are widely employed for the description of the 
velocity and turbulence fields. These measurements do not account for 
the pseudo-turbulence due to the passage of the impeller blades (van't 
Riet and Smith (1976)). Through the use of an optical shaft encoder 
Yianneskis et al (1987), Calabrese and Stoots (1989) and Yianneskis 
and Whitelaw (1993) performed angle-resolved LDA measurements over 
60° of impeller revolution where the data were arranged in 1 ° averages. 
Such angle-resolved measurements do show the variation of the mean 
flow velocities and the turbulence fluctuations with blade angle <1>. It 
has been shown that in comparison with 1 ° angle-resolved 
measurements, 360° ensemble-averaged measurements can lead to an 
overestimation of turbulence quantities in the impeller stream by up to 
400% (Yianneskis and Whitelaw, 1993). 
At the onset of the present investigation, the differences between 
various methods of measurement were assessed (namely, angle-
resolved, 360° ensemble-averaged and time-resolved). The results 
obtained are presented in Section 4.2, and they indicate that angle-
resolved data over 1 ° intervals would provide more appropriate 
estimates of the levels of turbulence in the flow than 360° ensemble-
averaged data. In addition, time-resolved data can be used to obtain 
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information about the frequency content of the velocity fluctuations 
and to calculate turbulence quantities of interest. 
Therefore, in this investigation measurements were primarily obtained 
as angle-resolved (Le. ensemble-averages over intervals of 1 ° of 
revolution) mean velocities and turbulence levels; and as time-resolved 
velocity recordings. The LDA systems used to obtain angle-resolved and 
time-resolved results have been described in Chapter 2 . 
Angle-resolved measurements were made of the axial, radial and 
tangential mean velocity components (U, V and W respectively); and 
of the corresponding turbulence levels (u', v' and w' respectively), at 
8160 locations in the vicinity of the impeller stream. The measuring 
grid was selected in order to reveal in detail the structure of the trailing 
vortices while minimising the measurement time. The azimuthal 
location of the measuring volume for the angle-resolved measurements 
is expressed in terms of angle (<1» with respect to the blade, which is 
calculated from the corresponding e co-ordinate. The <1> = 0° plane is 
located at the centre of the leading blade. 
In order to determine the flow motion relative to the rotating blade, the 
rotational velocity Vr was subtracted from the angle-resolved mean 





where N is the impeller rotational speed in revolutions per minute and r 
is the radial distance from the axis of the vessel to the point of 
measurement. 
For the purpose of comparison with data obtained in vessels of different 
sizes which is made later on in this thesis, all angle-resolved mean 
velocities have been normalised with the blade tip velocity 
Vtip = 1tND/60 and are denoted by U / Vtip ' V / Vtip and W / Vtip 
respectively for the axial, radial and tangential components. The 
turbulence level results were also normalised with Vtip and are denoted 
by u'/Vtip , v'/Vtip and w'/Vtip for the axial, radial and tangential 
components respectively. 
Angle-resolved turbulence kinetic energy results were also obtained 
from the u', v' and w' data by using the follOwing relationship: 
The turbulence kinetic energy results were normalised with V~p and 
the normalised values are denoted by k/ V~p . 
To facilitate interpretation of the results, the outline of a quarter of the 
impeller disk is drawn to scale in all figures depicting the results 
obtained in horizontal (z) planes; while in the figures depicting the 
results obtained in vertical (<1» planes, the outline of one-half of the 
cross-section of the impeller and of the impeller shaft are drawn to 
scale. In those figures depicting results in z planes, the impeller should 
be considered to be rotating clockwise, while in those figures depicting 
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results in <l> planes, the impeller should be considered to be moving out 
of the plane of the paper towards the viewer. 
In order to aid the interpretation of the results, a reference scale 
having the magnitude of V tip is drawn in each figure depicting angle-
resolved mean velocity vectors. Turbulence level and turbulence kinetic 
energy results are plotted in contour form. Two contour scales were 
used: one for all rms velocity components (turbulence levels); and one 
for turbulence kinetic energy results. For comparison purposes, the 
same contour levels were used throughout this thesis for the 
turbulence levels and similarly for the k results. 
In order to investigate the extent of the periodicity of the flow in the 
vessel, instantaneous velocity recordings of the radial component, V, 
were also made at a number of radii in the ziT = 0.33 plane, and their 
corresponding energy spectra were computed. The instantaneous 
velocity recordings presented in this chapter were also normalised with 
the blade tip velocity V tip and are denoted by V IVtip . 
4.2 COMPARISON OF ENSEMBLE-AVERAGED AND 
ANGLE-RESOLVED MEASUREMENTS 
In order to compare different data acquisition techniques, 
characteristic results were obtained using time-resolved, 1 0 angle-
resolved and 3600 ensemble-averaged LDA techniques in the T = 100 
mm vessel and they are shown in Figure 4.1. In Figure 4.1(a) the time-
resolved (instantaneous) velocity data are compared with 1 0 angle-
109 
resolved data. The time-resolved data show large velocity fluctuations, 
while the periodicity of the flow is indicated by the six cycles per 
revolution in the 10 angle-resolved mean velocity variation, each cycle 
corresponding to the passage of an impeller blade. The shortcomings of 
the use of 3600 ensemble-averaged techniques in the periodic flow (van't 
Riet et al, 1976) are obvious from Figure 4.1 (b) where the 3600 
ensemble-averaged velocity is represented by a straight line, in contrast 
to the 1 0 angle-resolved data which clearly shows the periodic variation 
in the mean velocity due to the blade passages. 
It was observed during the experiments that the data rate varied with 
angle <t> and therefore the number of data per 1 0 average in the angle-
resolved measurements also varies. Tests were made to detennine the 
minimum number of data required to provide statistically independent 
values of mean velocity and turbulence level in each 1 0 window. This 
value is, of course, dependent on the local turbulence intensity (yanta, 
1973). The measurements showed that the minimum number of data 
required was 500 for most locations. Provided the minimum number 
was exceeded, the data rate variation with <t> did not affect the results. 
A comparison of the 1 0 angle-resolved mean velocity variation with an 
uneven number of data per degree and the corresponding variation with 
an equal number of data per degree (as in Figures 4.1 (a) and (b)) is 
shown in Figure 4.1(c). There is no discernible difference between the 
two curves, hence it can be concluded that the effect of the number of 
data on the angle-resolved values is negligible, provided that a 
statistically appropriate number of data contributes to each 1 0 average. 
It should be noted that this data rate effect is very important for the 
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accurate characterisation of the flows; nevertheless it has not been 
identified in earlier investigations. 
Figure 4.2 shows the variation of the percentage of the total number of 
data obtained with blade angle <l> at r IT = 0.1 7 and 0.19 at ziT = 0.33. It 
can be seen from the figure that at both locations the data is not 
evenly distributed over the 60° interval. At rlT = 0.17, over 50% of the 
velocity realisations occur within the first 20° of the impeller 
revolution, approximately 35% lie between 20° and 40° and the 
remainder occur in the final 20° interval. Though the variation in the 
percentage of total data obtained at r IT = 0.19 is not as large as at r IT 
= 0.17, it can be seen from the figure that the number of velocity 
realisations occurring in the first 30° is higher. 
The results presented above indicate that 1 ° angle-resolved 
measurements should provide more appropriate estimates of the 
turbulence levels in the flow than 360° ensemble-averaged values. 
Furthermore, the results have important implications for 
Computational Fluids Dynamics (CFD) prediction methods, the 
majority of which at present essentially treat the impeller as a rotating 
disk. Such methods have in general employed 360° ensemble-averaged 
LDA data for boundary conditions and validation; the shortcomings of 
the use of 360° data are discussed further below. 
Therefore, in this investigation data were primarily obtained as angle-
resolved or time-resolved measurements. In order to compare results 
obtained in this investigation with already published results, 360° 
111 
ensemble-averaged values were also calculated from the data. The 
results obtained are presented and discussed in the following sections. 
4.3 RESULTS 
4.3.1 MEAN VELOCITY DISTRIBUTIONS 
The mean velocity vectors relative to the blade (Le. with the rotational 
velocities subtracted from the tangential components) obtained in the 
ziT = 0.33 plane, where the middle of the impeller disk is located, are 
shown in Figure 4.3. 
The vectors show that near the impeller blade, at r IT = 0.17, and r IT = 
0.19, there are large radial velocities between <I> = 0° and <I> ~ 45°. As the 
flow moves further away from the impeller blade towards the vessel 
wall, the radial velocities decrease in magnitude and the flow direction 
after r IT = 0.25 becomes predominantly tangential. 
In Figure 4.4 the mean velocity vectors in the ziT = 0.35 plane are 
depicted. It can be seen that there is a recirculation region behind the 
leading blade at r IT = 0.1 7 and between <I> = 0° and <I> ;::;: 45°. The region is 
associated with the trailing vortex generated behind the blade and is 
discussed further below in Section 4.4. Similar to the results obtained 
in the ziT = 0.33 plane, the flow after r IT = 0.25 becomes 
predominantly tangential. 
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Figure 4.5 shows the velocity vectors obtained in the ziT = 0.37 plane. 
Radial velocity magnitudes are very small in this plane and the flow is 
moving primarily in the tangential direction. 
Figures 4.6(a)-(b) show the velocity vectors in four <I> planes (0°, 15°, 30° 
and 45°). In these figures, a dashed horizontal line is drawn at ziT = 
0.33 in all <I> planes in order to aid the assessment of the inclination of 
the impeller stream. It can be seen that at all <I> angles, the flows 
discharged by the impeller are directed towards the vessel wall with a 
slight upward inclination, on average around 3° - 4° to the horizontal. 
This is in agreement with the preViously reported observation of 
Yianneskis and Whitelaw (1993). The vectors shown in Figures 4.6 (a) 
and (b) indicate that near the blade (at rlT = 0.17 up to 0.30) the 
impeller stream is inclined upwards. The angle of inclination generally 
decreases with radial distance from the blade tip. By r IT = 0.35 the 
stream is either horizontal (<I> = 0°) or inclined downwards. 
The velocity vectors in Figures 4.6(a) and (b) show also the merging of 
the ring vortices (one of which is formed above and one below the 
impeller) in the vicinity of the impeller. The formation of these vortices 
has been previously documented (see, e.g. Yianneskis et al, 1987). It 
can also be seen from Figure 4.6 that the velocities near the blade tip 
vary conSiderably with <1>. This is indicative of the complex variation of 
the mean flow behind the blade. In the <I> = 15° plane small Circulatory 
motions can be observed near the upper and lower edges of the blade 
tip, which indicate the presence of the trailing vortices generated above 
and below the impeller disk respectively. It will be shown later (Section 
4.4) that at this blade angle the vortex axis is located at apprOximately 
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r IT = 0.17. The z- and <»-plane results provide evidence that each 
trailing vortex is contained within a relatively small region; for example 
the vortex fonned above the disk at <» = 15° is located between zIT = 
0.34 and 0.36 approximately. 
4.3.2 TURBULENCE LEVEL DISTRIBUTIONS 
The normalised turbulence levels, u'/Vtip , v'/Vtip and w'/Vtip , at the zIT 
= 0.33 plane are shown in Figures 4.7, 4.8 and 4.9 respectively. High 
levels of u'/Vtip can be observed behind the leading blade in Figure 4.7. 
These are associated with the trailing vortex structure. High levels of 
turbulence might be expected to be generated in the immediate vicinity 
of the trailing vortices where steep mean velocity gradients are present 
and therefore contours of turbulence levels and k can provide a good 
indication of the extent of the trailing vortex structure. 
At <» = 0°, the u'/Vtip = 0.24 - 0.28 region is associated with the trailing 
vortex produced by the preceding blade. Therefore, it can be concluded 
that the high u' /Vtip turbulence levels produced by each blade crossing 
can be distinguished up to 15° after the following blade. 
The u' /Vtip gradients diminish with increasing radial distance from the 
blade at all <» angles, reaching values of 0.16 - 0.20 at r/T ~ 0.29 and 
0.12 - 0.16 at r/T ~ 0.33. 
In Figure 4.8, the region of high v'/Vtip values behind the leading blade 
extends further than that for the u'/Vtip results shown in Figure 4.7. 
This might be expected, as the velocity gradients and flow activity are 
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far more pronounced in the radial direction than in the axial. Locally 
higher v' /Vtip levels at around r /T = 0.20 to 0.30 next to the leading 
blade (Le. at <I> = 0°) are also evident. indicating again the presence of 
the trailing vortex produced by the previous blade. The v' /Vtip levels 
drop to around 0.16-0.20 at r /T ~ 0.32. 
Figure 4.9 shows the w'/Vtip levels obtained in the ziT = 0.33 plane. 
The two well defined regions of locally high w' /Vtip levels indicate again 
the presence of two trailing vortices; one produced by the leading blade 
and one by the blade preceding it. 
The high w' /Vtip levels behind the blade indicate the presence of the 
trailing vortex produced by the leading blade centred at r/T ~ 0.19 and 
the locally high w' /Vtip levels at r /T ~ 0.24 next to the leading blade 
indicate the presence of the tail end of the trailing vortex produced by 
the previous blade as before. w'/Vtip levels. although higher than the 
u'/Vtip ones at r/T ::::: 0.17 - 0.20 are reduced to 0.12 - 0.16 by r/T ~ 
0.30. Le. nearer the blade than in the u' /Vtip and v' /Vtip distributions. 
Figures 4.10. 4.11 and 4.12 show the contours of u'/Vtip • v'/Vtip and 
w'/Vtip turbulence levels respectively in the ziT = 0.35 plane (Le. 2 mm 
above the middle of the impeller disk). In these figures. the presence of 
the trailing vortex produced by the leading blade and the trailing vortex 
generated by the previous blade can be clearly observed by the two well-
defined regions of locally high turbulence levels. The locally high u'/Vtip 
levels (above 0.28) observed in Figure 4.10 indicate the presence of the 
trailing vortex produced by the leading blade. The centre of this region 
is at r /T ::::: 0.18, similar to that found in the ziT = 0.33 plane. However, 
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the area of high u'/Vtip levels is greater than that in the ziT = 0.33 
plane. 
Figures 4.13, 4.14 and 4.15 show the u'/Vtip , v'/Vtip and w'/Vtip 
turbulence levels respectively in four <I> planes (0°, 15°, 30° and 45°). The 
high u'/Vtip levels (0.24 - 0.28) between r/T = 0.22 and 0.27 and 
between ziT = 0.31 and 0.36 at <I> = 0° in Figure 4.13 indicate the 
presence of the trailing vortices from the previous blade. Conversely, 
the high levels of u' /Vtip near the blade tip (for r /T < 0.18) are 
associated with the trailing vortices being generated by the blade 
located in this plane. At the <1> = 15° plane the two pronounced semi-
circular regions of high u' /Vtip levels near the blade tip show clearly the 
presence of the two trailing vortices produced by the leading blade. The 
second high u'/Vtip region (which is associated with the vortices from 
the preceding blade) is now located further away into the stream 
(centred at about r /T = 0.26, ziT = 0.34). As the vortex moves away 
from the blade and into the impeller stream, the u'/Vtip maxima move 
accordingly, from r/T = 0.17 at <I> = 15° to r/T = 0.19 at <I> = 30° and r/T = 
0.21 at <I> = 45°. The contours also show the inclination of the impeller 
stream to the horizontal by around 3°: this was also indicated by the 
velocity vectors shown in Figure 4.6. 
The v' /Vtip and w' /Vtip levels contours in the same four <I> planes are 
shown in Figures 4.14 and 4.15 respectively. In these two figures, the 
presence of the two pairs of trailing vortices is indicated, as in the 
u'/Vtip plots of Figure 4.13: one pair produced by the preceding blade 
and one produced by the leading blade. In general, the inclination of 
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the impeller stream shown by the w' /Vtip contours is similar to those 
shown by the u'/Vtip and v'/Vtip results at corresponding <l> planes. 
It has been observed (van't Riet et al (1973), Yianneskis et al (1987)), 
that the trailing vortex axis is nearly horizontal, while Stoots and 
Calabrese (1994) found that with C = T/2, the vortex axis is inclined 8° 
- 10° to the horizontal. Therefore the influence of the periodicity of the 
flow might not be expected to extend far above or below the impeller 
blades. 
Comparisons of the u'/Vup, v'/Vup and w'/Vup results obtained in ziT 
and <l> planes clearly indicate that the turbulence is in general not 
isotropic in the impeller stream (Le. u' "* v' "* w'). For example, at <l> = 0°, 
r/T = 0.18 and ziT = 0.33, u'/Vtip = 0.20 - 0.24, v'/Vtip = 0.12 - 0.16 and 
w' /Vup = 0.28 - 0.32. This has implications for CFD predictions of the 
flow which employ turbulence models for which an implicit assumption 
of isotropiC turbulence is made, and will be discussed later. 
4.3.3 TURBULENCE KINETIC ENERGY DISTRIBUTIONS 
Figure 4.16 shows the turbulence kinetic energy contours in four <l> 
planes (0°, 15°, 30° and 45°). At <l> = 0°, the locally high k/ V~p levels 
indicate the presence of the trailing vortices produced by the preceding 
blade. This region is centred slightly above the impeller disk at r /T ::::; 
0.23 and ziT ::::; 0.34. 
The presence of the trailing vortices produced by the previous blade is 
still evident at <l> = 15°, indicated by a region of k/ V~p levels between 
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0.08 - 0.10 centred at ziT::::: 0.34, and r IT ::::: 0.25. However, kl VriP 
levels associated with this pair of vortices cannot be distinguished at <l> 
= 30° and 45°. It is however expected that the elongated shape of the 
0.06 - 0.08 contour is indeed associated with this pair. 
At <l> = 15° the kl Vrip levels above 0.10 near the blade, and the similar 
kl VriP levels at <l> = 30°, and 45°, are associated with the vortex pair 
generated by the leading blade. The centre of this region of high kl v~p 
is found further out in the impeller stream as <l> increases, moving from 
r/T = 0.17 at <l> = 0°, to r/T = 0.19 at <l> = 30° and to r/T = 0.21 at <l> = 45°. 
At all <l> angles in Figure 4.16, kl v~p levels above 0.02 are confined to 
a region which in general is between ziT = 0.29 and ziT = 0.40. The 
kl v~p levels become low « 0.02) and nearly uniform at around 1.5 
blade heights above and below the impeller disk. 
Figure 4.1 7 shows the kl v~p contours obtained in the ziT = 0.31 
plane (2 mm below the disk). The trailing vortex produced by the 
leading blade is clearly indicated in this figure. In Figure 4.18, the 
presence of the trailing vortex generated by the previous blade is 
evident in the ziT = 0.33 plane. 
Figure 4.19 shows the kl v~p levels in the ziT = 0.35 plane. The trailing 
vortex produced by the previous blade extends further compared to that 
observed in the previous ziT plane. In the ziT = 0.37 plane (Figure 
4.20), the kl V~p levels do not exceed 0.06 - 0.08. Figure 4.21 shows 
the kl V~p levels in the ziT = 0.41 plane; here the kl V~p levels are 
entirely uniform and below 0.02. 
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4.3.4 TIME-RESOLVED VELOCITY MEASUREMENTS 
INSTANTANEOUS VELOCITIES AND NORMALISED ENERGY SPECTRA 
In order to quantify the decay of the trailing vortex structure away from 
the blades, time-resolved velocity measurements of the radial 
component, V, were made. Some characteristic recordings made at a 
number of locations in the disk midsection elevation are presented 
below. 
Both Calabrese and Stoots (1989) and Yianneskis and Whitelaw (1993), 
showed that for single impeller systems a cyclic variation of the velocity 
is obtained with each blade passage in the vicinity of the trailing 
vortices. The expected six cycles (blade crossings) per revolution are 
clearly defined in the instantaneous radial velocity recording, obtained 
at rlT = 0.17, ziT = 0.33, shown in Figure 4.22(a). A similar recording 
of V obtained at r IT = 0.18, ziT = 0.33 is shown in Figure 4.22(b). The 
six cycles of the instantaneous velocity per revolution, as in Figure 
4.22(a), are also clearly shown. Figure 4.22(c) shows a recording 
obtained at a location further away from the impeller, at r IT = 0.22, 
ziT = 0.33. In this velocity recording, although cyclic fluctuations are 
still discernible, their magnitude has decreased. 
Figure 4.22(d) shows a recording of V made at r IT = 0.25, ziT = 0.33. 
Comparing this velocity recording with those shown in Figures 4.22(a)-
(c), the decay of the trailing vortex structure expected from the results 
presented in the previous sections can be clearly seen. Fluctuations of 
the velocity behind some, but not all, blades are still discernible. 
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A better way to assess the influence of periodicity to the flow is by 
quantifying the changes of the strength of the frequency components 
along the impeller stream, therefore spectral analysis of the velocity 
recordings shown in Figures 4.22(a)-(d) was performed. Since velocity 
realisations with LDA are obtained at random intervals, the Lomb 
method, which is a method of spectral analysis for unevenly sampled 
data, was employed to obtain the normalised energy spectrum, P(f) = 
E'(f)/u'2 in the manner described by Press et al (1992). The energy 
spectrum, E(f) was calculated using 'pseudo-equi-time spaced' data in 
the manner descrtbed in the following section. P(f) spectra are presented 
here as they aid the identification of discrete frequencies in the flow. 
E(f) spectra are presented in the following section to quantify the slope 
of the spectra at high frequencies. 
The normalised energy spectrum of the velocity recording obtained at 
rlT = 0.17, ziT = 0.33 is shown in Figure 4.23(a). A peak at the spectral 
frequency of 216 Hz can be observed, indicating a well-defined pertodic 
motion, which corresponds to the blade passage frequency. The 
harmonic of this frequency can also be observed in the figure, which is 
indicated by the smaller peak at the frequency of 432 Hz. The 
normalised spectrum of the velocity recording obtained at rlT = 0.18, 
ziT = 0.33 is shown in Figure 4.23(b). Two peaks can again be observed: 
one at 216 Hz, and one at 432 Hz. The 216 Hz peak, though smaller in 
magnitude compared with that found at r IT = 0.17, ziT = 0.33, also 
indicates that there is a well-defined periodic motion in the flow at this 
location. The normalised spectrum of the velocity recording made at r IT 
= 0.22, ziT = 0.33 (Figure 4.23(c)) shows a small peak at 216 Hz with a 
magnitude of about 1 0% of that found at r IT = 0.17, ziT = 0.33, 
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indicating that the periodic motion in the flow at this location is not 
as pronounced. Finally, Figure 4.23(d) shows the normalised spectrum 
of the velocity recording made at rlT = 0.25, ziT = 0.33. No distinctive 
peak can be observed in this figure, indicating that the vortex structure 
has begun to break down into random turbulence. This trend is in 
agreement with Mujumdar et al (1970), who observed that 800/0 to 900/0 
of the turbulence intensities measured close to the impeller blade were 
due to the periodic component and that this component decayed 
quickly to a negligible value at about 0.66 of the tank radius (Le. at 
0.33 T). 
ENERGY SPECTRA AND SCALES OF TURBULENCE 
It is useful to compute the energy spectrum to describe a turbulent 
flow. The instantaneous velocity, U, can be expressed as: 
U - U + u (4.3) 
where U is the instantaneous velocity, U is the average value of U and 
u is the fluctuating velocity component. The one-dimensional energy 
spectrum E(f) is obtained from the Fourier transform of u 2 and 
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As mentioned earlier, the velocity realisations with LOA are obtained at 
random intervals and therefore some complications are introduced in 
the calculation of E(O. However, it is possible to obtain "pseudo-equi-
time spaced" data by conditionally resampling the velocity recording 
(see, for example, Durao et aL 1980). In order to determine a suitable 
resampling intervaL each velocity recording was resampled with various 
resampling intervals. The resampling interval of each recording was 
then selected by comparing the normalised energy spectra obtained 
from the resampled records with those obtained from the raw data such 
that the resampling process did not distort the raw data. 
Figure 4.24 shows two energy spectra plotted in log-log scale. The 
spectrum shown in red in the figure was computed from the resampled 
fluctuating velocity component, v obtained at r IT = 0.1 7 and ziT = 
0.33. This spectrum exhibits a sharp peak at the blade passing 
frequency, in agreement with Mujumdar et al (1970). They observed a 
sharp peak at the blade passing frequency in the energy spectra 
obtained near the impeller, and noted that such a peak was due to the 
periodicity in the flow. 
Therefore, in order to obtain the E(O of the real turbulence, it is 
necessary to correct the velOCity fluctuations to account for the periodic 
component present in the flow (Le. the pseudo-turbulence). A number 
of methods can be employed to obtain the 'real' turbulence velocity 
component, for example, by subtracting the 10 ensemble-averaged mean 
velocities from the instantaneous velocities, or by estimating the 
instantaneous mean velocities using the moving-window averaging 
method. However, the former method generally does not yield a zero-
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mean velocity fluctuation due to cycle-to-cycle variations (see, for 
example, Yianneskis and Whitelaw, 1993), while the latter acts as a 
high-pass filter and thus information on low-frequency turbulence will 
be lost. Therefore, a band-stop frequency filtering technique was 
employed in the present work. The E(f) computed from the corrected v 
obtained at r IT = 0.1 7 and ziT = 0.33 is shown in black in Figure 4.24. 
In this spectrum, no peak can be discerned at 216 Hz. 
A straight line of -5/3 slope is also drawn on Figure 4.24, which 
represents the energy distribution predicted for isotropic turbulence by 
Kolmogorov from a dimensional analysis for the inertial sub range 
(Lancaster (1976), Nishikawa et al (1976), Landahl and Mollo-
Christensen (1986)). The slopes of both spectra shown in Figure 4.24 
are around -1.3 for frequencies above 1 kHz. 
Figures 4.25 - 4.27 show characteristic energy spectra computed from 
the corrected v at various rlT locations in the ziT = 0.33 plane. These 
figures are again plotted in log-log scales, and a straight line of -5/3 
slope is drawn on each figure. 
Figure 4.25 shows the energy spectra of the corrected v obtained at r IT= 
0.17,0.19 and 0.21. No regions with a -5/3 slope can be observed from 
the energy spectra of v at r IT = 0.1 7 and 0.19. The deviation of the 
slopes of the spectra taken at rlT = 0.17 and 0.19 from the value of 
-5/3 might be considered to indicate the anisotropy of the turbulence 
at these two locations. The difference between the slope of the spectrum 
obtained at r IT = 0.21 and the -5/3 line is also large at low frequencies, 
however, a small region with a -5/3 slope at frequencies above 
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approximately 2 kHz can be observed which may be considered to 
indicate that the degree of anisotropy of turbulence is smaller. 
In Figure 4.26, the energy spectra obtained at r IT = 0.23, 0.25 and 0.27 
are presented. It can be observed that the frequency range with a -5/3 
slope increases with increasing r/T. At rlT = 0.23, the region with -5/3 
slope is confined to frequencies above approximately 2 kHz, while at 
rlT = 0.25 and 0.27 regions with -5/3 slope can be observed for 
frequencies above about 1 kHz. Figure 4.27 shows the energy spectra of 
v further away from the impeller, at r IT = 0.31, 0.33 and 0.35. Regions 
with -5 I 3 slope can be observed for all three energy spectra for 
frequencies above about 200 Hz. 
The results presented in this section indicate that the turbulence in the 
impeller stream deviates from isotropy. Further away from the impeller 
the deviation becomes smaller and the turbulence might be regarded as 
isotropic. 
TEMPORAL SCALES OF TURBULENCE 
A characterisation of the eddy size distribution within a turbulent flow 
can be obtained from the autocorrelation of the velocity fluctuations. 
The autocorrelation function coefficient is defined by Equation 4.6, and 
can be obtained by the Fourier transform of E(f)/u'2. 
u(t) u(t + 't) 




where t is time and 't is the correlation time. The integral time scale of 
turbulence, At, is defined from the autocorrelation coefficient as: 
00 
(4.7) 
Although the integral time scale is defined as the integral of R('t) from 
zero to infinity, in practice it is computed to the first zero of the 
autocorrelation function (Yianneskis et al, 1991). The micro time scale 
At is given by: 
(4.8) 
The autocorrelation function coefficients R('t) of the corrected v 
variation at various rlT locations were computed from the energy 
spectra using an FFT technique. From the R('t) obtained, the integral 
time scale, At and micro time scale At were computed using Equations 
(4.7) and (4.8) respectively. A characteristic plot of R('t) is shown in 
Figure 4.28, computed from the corrected v variation at rlT = 0.17. The 
variations of the micro and integral time scales with r IT at ziT = 0.33 
are shown in Figures 4.29(a) and 4.29(b) respectively. 
The distribution of micro time scales in Figure 4.29(a) shows that the 
At is about 0.11 ms at r IT = 0.17, and increases gradually to around 
0.20 ms at r IT = 0.35. In Figure 4.29(b), it can be seen that At is small 
(:::: 0.25 ms) near the impeller blade at r IT = 0.1 7 and increases 
gradually to approximately 0.35 ms at rlT = 0.25 and to around 1.24 
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ms at r IT = 0.35. This distribution might be expected since the 
velocities near the impeller are higher and the corresponding time 
scales are therefore shorter. The integral time scales are approximately 
3-6 times higher than the corresponding micro time scales. 
SPATIAL SCALES OF TURBULENCE 
Spatial scales of turbulence can be obtained by multiplying the 
temporal scales with an appropriate convective velocity. G I Taylor (see 
Lancaster, 1976) showed that temporal and spatial scales of turbulence 
could be related by: 
(4.9) 
and (4.10) 
where Ax and Ax are the integral and micro length scales respectively. 
However Equations (4.9) and (4.10) are accurate only when U is 
constant and the relative turbulence intensity is much smaller than 
unity (Le. U » u'), which is true for flows at low Reynolds number 
when the turbulence of the flow moving past a location is effectively 
"frozen" (Hinze, 1975). Both conditions are not satisfied in many parts 
of the flow studied here, since the Reynolds number is large and the 
mean flow in the vicinity of the impeller stream is periodic. 
An alternative convective velocity has been suggested for high Reynolds 
number flows by Heskestad (1965), to account better for the coupling of 
micro time and length scales in a non-Swirling flow, i.e. where the 
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tangential mean velocity is zero. However, this is not true in the 
present work where a strong tangential now is induced by the impeller 
and it is inappropriate to apply Heskestad's suggestion. Therefore, Ax 
and Ax were estimated using Equations (4.9) and (4.10) respectively 
with the local ensemble-averaged mean velocities as the convective 
velocities. The scales computed are shown only as approximate 
indications of eddy sizes. as the conditions mentioned above are not 
satisfied in all locations concerned. 
The distributions of Ax and Ax along the impeller stream in the ziT = 
0.33 plane are shown in Figure 4.30. It can be observed that Ax has a 
minimum value of around 0.6 mm at r/T = 0.17, apprOximately equal to 
0.1 W; and increases with increasing r/T. reaching a maximum value of 
about 1.7 mm at r/T = 0.35, apprOximately equal to 0.3W. The values 
of Ax obtained in the present work are generally smaller than those 
reported previously. Cutter (1966), who conducted experiments in a T = 
292 mm vessel, obtained values of Ax of approximately 0.2 Wand 0.4 W 
at r/T ::::; 0.17 and 0.35 respectively; Mahouast et al (1989) reported a 
minimum value of apprOximately 0.48 Wand a maximum of around 
1.32 W for Ax in the impeller stream in a T = 200 mm vessel; and a 
value of 0.4 W for the Ax near the blade tip was reported by Wu and 
Patterson (1989). Notwithstanding the different methods employed to 
calculate Ax by the various researchers, there is reasonable agreement 
between the values measured in this work and those reported by Cutter 
and by Wu and Patterson. Mahouast's Ax values are higher and do not 
agree with the frequently employed assumption that Ax = 0.1 W near the 
blade tip (Kresta( 1992), Ruszkowski (1992)). 
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It can also be seen from the figure that the value of Ax remains almost 
constant with increasing r IT and the average value of Ax is around 0.25 
mm. This value compares well with that reported by Wu and Patterson, 
who obtained micro length scales of 0.3 to 1.0 mm in the impeller 
stream. However, Ax might be expected to increase with r/T; the near-
constant variation obtained is likely to stem from the approximations 
and corresponding uncertainties involved in its determination. 
RATE OF DISSIPATION 
The rate of dissipation of turbulence kinetic energy, E, is a parameter of 
great interest both for the characterisation of turbulence and the 
identification of regions where energy is disipated in stirred vessels. 
Furthermore, as most CFD prediction methods employ the k-E 
turbulence model, knowledge of the local energy dissipation rate is very 
important. Several methods have been proposed for the determination 
of E. WU and Patterson (1989) proposed that: 
E - (4.11) 
The values of E were calculated in the present work using Equation 
(4.11). The values of k were obtained from the 60° ensemble-averaged 
turbulence levels, while the values of Ax presented above were used. 
The variation of E, normalised with N3D2, with (r/R) in the disk mid-
section elevation (ziT = 0.33) plane is shown in Figure 4.31. For 
comparison purposes, the results reported by Patterson and Wu (1985) 
are also shown in the figure. 
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It can be observed from Figure 4.31 that the value of £/N3D2 decreases 
from around 40 near the blade tip to values comparable with those of 
Patterson and Wu further away from the blade. The values obtained in 
the present work are generally higher than those reported by Patterson 
and Wu. It should be noted that Patterson and Wu found that near the 
blade tip £/N3D2 increases with rotational speed, but further away it is 
not strongly affected. Therefore, the relatively high £/N3D2 values at 
r /R < 1.5 in the present work may be attributed to the higher speed 
(2165 rpm compared with 200 rpm in Patterson and Wu) employed here. 
This might have important implications for the scaling of stirred 
reactor flows and should be investigated further. 
Furthermore, it can be seen from Equation (4.11) that £ is a function of 
k and Ax, therefore the accuracy of £ depends on the accuracy of Ax. 
However, as mentioned earlier the calculation of Ax using Equations 
(4.9) is only accurate when U is constant and U and » u', which is 
not true in the flow studied, and this may therefore introduce 
inaccuracies in the £ values obtained. 
4.4 DISCUSSION 
4.4.1 THE TRAILING VORTEX AXIS 
The location of the mean axis of the trailing vortex produced by the 
Rushton impeller is plotted in Figure 4.32. For comparative purposes 
the trailing vortex axes determined previously by van't Riet et al (1975), 
129 
Yianneskis et al (1987) and Stoots and Calabrese (1994) for single 
Rushton impeller configurations are also shown. 
Van't Riet et al (1975) utilised a photographic technique to find the 
shape of the axis by detennining the locations where the axial velocity 
component perpendicular to the axis was zero. The investigations of 
Yianneskis et al (1987) and Stoots and Calabrese (1994) determined the 
vortex axis from angle-resolved LDA mean velocity data. The 
discrepancies between the vortex axis presented in these three 
investigations were attributed by Stoots and Calabrese to differences 
between various system characteristics such as the impeller geometry, 
the clearance of the impeller from the base of the vessel and the 
impeller rotational speed. The vortex axis for the present work was also 
determined from the locations where the mean axial velocity 
component was zero. 
It can be seen from Figure 4.32 that the axis of the trailing vortex 
obtained from the present results is very similar to that reported by 
Yianneskis et al (1987). The close agreement of the two axes can be 
attributed to the geometrical similarities of the vessels and impellers 
used by Yianneskis et al and in the present work (tb/D = 0.01 and C = 
T/3). As neither van't Riet et al nor Stoots and Calabrese quote tb/ D 
values for their impellers and the latter used a clearance C = T /2, the 
observed variation of the present axis from those studies may be due to 
such geometrical differences. 
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4.4.2 EFFECT OF VESSEL SIZE 
In order to assess the influence of vessel size on the mean velocities 
and turbulence levels, measurements obtained in the 100 mm vessel are 
compared in this section with those performed in the 294 mm vessel. 
The vessel and impeller geometries of the T = 100 mm and T = 294 mm 
vessels have been described in Chapter 2. 
Angle-resolved mean velocities and turbulence levels of the radial 
component over 60° of impeller revolution ( i.e. between a specific blade 
pair) were made. The measured values were subsequently ensemble-
averaged over the 60° interval and normalised with their respective 
impeller tip speeds to obtain the normalised mean velocities and 
turbulence levels of the radial component at a number of elevations 
and at two radii in the impeller stream. 
MEAN VELOCITIES AND TURBULENCE LEVELS 
The normalised radial mean veloCity and turbulence level profiles 
obtained at rlT = 0.17 and rlT = 0.22 in the impeller stream are shown 
in Figures 4.33 (a)-(b) and 4.34 (a)-(b) respectively. 
Comparing the profiles of normalised mean velocity in Figures 4.33(a) 
and (b), it is evident that there is good scaling of the flows in the two 
vessels. The maximum velocities are identical at both rlT = 0.17 and 
rlT = 0.22. In addition, both profiles in each location show very similar 
velocity gradients. The profiles for the T = 294 mm vessel are skewed 
slightly upwards compared to those for the T = 100 mm vessel. As 
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expected, these profiles show the maximum mean velocity to decrease 
with increasing radial distance from the blade tip, and the development 
and spread of the profiles with increasing radius due to entrainment of 
fluid into the radial discharge flow is evident. 
Relative good scaling is also observed between the normalised 
turbulence level profiles shown in Figures 4.34(a) and (b). As with the 
normalised mean velocity profiles, the turbulence level profiles for the T 
= 294 mm vessel are located only slightly above those for the T = 100 
rnrn vessel, but the gradients are very similar. In all of the turbulence 
level profiles presented here is a slight upward inclination, in 
agreement with the findings of Yianneskis et al (1987) who reported an 
inclination of the impeller stream of around 4 0 to the horizontal for a 
Rushton impeller configuration similar to the present one. There is also 
a noticeable dip in the centre of the profiles around ziT = 0.33 
corresponding to the elevation of the impeller disk, particularly at r IT = 
0.17. 
The results presented in this section show that, for the 100 and 294 
mm tanks where all vessel and impeller features are scaled precisely, 
both mean velocities and turbulence levels in the flow field around the 
impellers scale well with vessel size. It may be concluded that 
differences with vessel size reported in earlier investigations (for 
example, van der Molen and van Maanen, 1978) were due to 
imprecisions in the scaling of the impeller geometries. This is evident, 
for example, in Kusters's (1991) work where mean velocities in a T = 
102 mm vessel with tb/D = 0.019 were smaller than in the T = 200 mm 
(tb/ D = 0.016) and T = 388 mm (tb/D = 0.023) vessels investigated. 
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Such differences cannot be explained by consideration of the effect of 
blade thickness (see, for example, Rutherford et al,1996b), but the 
relatively thicker impeller disk employed by Kusters in the smaller 
vessel is likely to be the reason for the discrepancy. 
FLow NUMBER 
For 3600 ensemble-averaged data, the pumping capacity (Q) and the 
Flow number (Fl) are given by the following relationships: 
h* 




where V is the radial mean velocity component and rand z are the 
radial and axial co-ordinates of the measurement locations. The 
integration limits h * and -h * are set for each radial mean velocity 
profile as the pOints where the mean velocity above or below the 
impeller is zero. 
Since in the present work data were obtained as 10 angle-resolved 
measurements in order to eliminate data rate effects present in the 
3600 ensemble-averaged measurements as mentioned in Section 4.2, 
the pumping capacities in the T = 100 mm and 294 mm vessels were 
calculated using the relationship proposed by Stoots and Calabrese 
(1994) and Rutherford et al (1996b): 
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h* 
- 6 f f<l>=60 0 (21tr)-Q.p - -h* .p~o' 360 V d<j> dz (4.11) 
and accordingly, the Flow numbers were calculated by using: 
(4.12) 
With the relationship shown in Equation (4.11), the 1 ° angle-resolved 
radial mean velocities are integrated first azimuthally over the range of 
impeller blade angles over which the data was acquired (0° ~ <I> < 60°), 
and the resulting profiles are then integrated axially over the impeller 
stream. The integration limits h* and -h* are set according to the 
manner described for Equation (4.9). The factor, 21tr/360, represents 
the arc subscribed by 1 ° of azimuthal angle at radius r, and the factor 6 
is required to account for the passage of six pairs of impeller blades 
during one impeller revolution. Equations (4.10) and (4.12) yield 
identical FI values with the same set of data. 
Figure 4.35 shows the Flow numbers obtained at three radii at ziT = 
0.33 using Equations (4.11) and (4.12) for the T = 100 mm and 294 
mm vessels. For comparative purposes, the FI value calculated from 
360° ensemble-averaged data obtained by Mahmoudi (1994) in the T = 
294 mm vessel is also shown in Figure 4.35. 
It can be seen from Figure 4.35 that both the Flow numbers calculated 
for the T = 100 mm (FIIoo) and T = 294 mm (FI294) vessels increase 
significantly with increasing radius. FI increases from FIIOO = 0.645 and 
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Fl294 = 0.636 at r/T = 0.17, to FI IOO = 1.048 and Fl294 = 0.962 at r/T = 
0.22. The increase of FI values with r IT is to be expected due to the 
fluid entrainment into the radial discharge stream and the broadening 
of the radial mean velocity profile which has been shown to occur with 
increasing radial distance from the impeller tip. Wu and Patterson 
(1989) also found that FI increased with increasing radius. They 
reported a significantly higher value of FI = 0.82 at the impeller tip 
location than those found in the present study (FI IOO = 0.645, Fl294 = 
0.636). However. they found that FI = 2.0 at r/T = 0.33, a value 
comparable to the FI calculated at a similar location from the data 
obtained in the T = 100 mm vessel (FIIOO = 1.960 at r = 0.35T). This FI 
value shows good agreement with the results of Wu and Patterson 
(1989), and indicates considerable fluid entrainment into the impeller 
stream some distance from the impeller. Differences between the data 
reported by Wu and Patterson (1989) and the present results could be 
attributed to differences in, for example, the impeller geometry, since 
the impeller thickness ratio was not quoted in their work. 
The Flow numbers presented (FIIOO and F1294) were found to be in good 
agreement with FI values reported by Stoots and Calabrese (1994). 
Revill (1982) conducted a literature review of the pumping capacity of 
Rushton turbines and recommended that FI should lie within the range 
FI = 0.75+0.15 when the impeller diameter is between 0.20T and 0.50T, 
and the clearance of the impeller from the base of the vessel is greater 
than 0.30T and less than 0.50T. The present results at the impeller 
blade tip for both vessels lie within the range predicted by Revill. 
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With respect to the influence of vessel scale, the results presented 
suggest that FI scales between the vessels to within 8%. FI IOO is always 
higher than F1294, and the differences between the values increase with 
radial distance from the impeller. This could be attributable to a 
number of factors such as the difference between the radial arc over 
which the integration is applied in the two vessels, that is the spatial 
resolution in absolute terms is not the same in each vessel. 
4.4.3 VELOCITY VARIATION IN IMPELLER STREAM 
Van der Molen and van Maanen (1978) used vessels from 0.12 m to 
0.9 m in diameter with Rushton turbines and found that for fully-
turbulent flow, the mean radial velocity V just off the tip of the blade 
and on its centre line was a constant ratio (0.85) of the impeller tip 
speed Vtip , and decayed as it moved out along the radius, r, such that: 
- -7/6 
V = 0.85 (~) 
V tip R 
(4.13) 
where r is the radial distance and R is the radius of the impeller. 
The normalised 3600 ensemble-averaged mean velocities and turbulence 
levels obtained in the impeller disk plane (Le. ziT = 0.33) against r IR 
are shown in Figures 4.36(a) and (b) respectively. In Figure 4.36(a), the 
'best fits' of the data obtained in the present work, by van der Molen 
and van Maanen (1978) and by Dyster et al (1993) are shown. The best 
fit of the present data is given by: 
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_ 0.74 (;rO.99 (4.14) 
The correlation in Equation (4.14) agrees very well with that reported by 
Dyster et al (1993), but not as well with that obtained by van der Molen 
and van Maanen. 
Dyster et al attributed the discrepancies between the best fit of their 
data and that obtained by van der Molen and van Maanen to the minor 
differences in the impeller geometries and to the fact that the latter 
used closed-top vessels. However, Nouri and Whitelaw (1990) concluded 
that the use of a lid only affects the flow in the immediate vicinity of 
the lid/free surface and that the flow velocities elsewhere in a 144 mm 
vessel were almost identical to those in a 294 mm vessel. Furthermore, 
the present work was carried out in a vessel with a lid but the data 
match well those of Dyster et al. Therefore, the discrepancies are likely 
to be attributed to differences in the impeller geometries employed by 
van der Molen and van Maanen. 
The best fit of the v' /Vtip data obtained in the present work is shown in 
Figure 4.36(b). The best fit of the present data is given by: 
v' = 0.48 - 0.16 (~) 
V tip R 
(4.15) 
The correlation proposed by Dyster et al (1993): 
v' (r) = 0.45 - 0.13 -Vtip R (4.16) 
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is also shown in the figure. The results of the present work show 
agreement with the data of Dyster et al near the impeller blade but the 
two sets of results diverge with increasing r /R. The reason for this 
divergence is not clear; however, the local v' values are relatively small 
(around 0.15 Vtip) and it should be noted that there is scatter in both 
the present data as well as in those of Dyster et al. 
4.4.4 ISOTROPY OF THE IMPELLER DISCHARGE FLOW 
In order to ascertain whether the turbulence in the impeller region is 
isotropic. the three turbulence level distributions throughout the 
measurement region were compared. This was undertaken as most CFD 
predictions of the flows employ the k-£ model of turbulence, in the 
formulation of which there is an implicit assumption of isotropic eddy 
viscosity. 
As the discharge flow out of a Rushton impeller is primarily radial, the 
turbulence levels of the axial and tangential components were 
compared with the radial component to quantify the degree of 
isotropy / anisotropy of the turbulence in the vicinity of the impeller. 
Figures 4.37 and 4.38 show the contour plots of u'/v' and w'/v' in four 
<I> planes (0°, 15°, 30° and 45°) respectively. 
From Figure 4.37, it can be clearly observed that in all <I> planes shown, 
the turbulence over most of the measured region is anisotropic (i. e. 
u'/v' :;; 1). The w'/v' contour plots shown in Figure 4.38 also indicate 
that the turbulence is anisotropic in many parts of the measurement 
region. 
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However. it should be noted that although both the u'/v' and w'/v' 
values vary from 0.30 to 1.7 in the impeller stream, there are large 
values of u' lv' and especially w' lv' in the boundaries of the 
measurement region, where the turbulence levels were reported earlier 
(Section 4.3.2) to be quite similar. This is due to the relative 
magnitudes of the turbulence levels: for example for w' = 0.02 and v' = 
0.01, w' lv' = 2.0, whereas in absolute terms the levels are similar and 
within experimental error. A better way to assess the degree of isotropy 
is by considering the absolute difference between the different 
turbulence levels normalised by Vtip , i.e. I u' - v' I /Vtip and I w' - v' I /Vtip . 
When these values tend to zero, u' -7 v' and w' -7 v' and the turbulence 
may be considered isotropic. 
Contours of I u' - v'l /Vtip and I w' - v'l /Vtip in the <I> = 0°, 15°, 30° and 
45° planes are shown in Figures 4.39 and 4.40 respectively. In Figure 
4.39, regions of locally high values of I u' - v'l /Vtip can be observed 
near the impeller blade in all <I> planes. Most of the regions near the 
edges of the measurement area have values of I u' - v' I /Vtip between 
0.00 and 0.02. In these regions, the turbulence can be considered to be 
isotropiC. Locally high values of I w' - v' I /Vtip can be observed near the 
blade in all <I> planes in Figure 4.40. At <I> = 15° locally high values of 
I w' - v' I /Vtip , which are associated with the trailing vortex of the 
preceding blade, can also be seen between r /T = 0.22 and 0.32, ziT = 
0.30 and 0.36. In regions away from the impeller stream in all <I> planes, 
the values are between 0.00 and 0.04, and the turbulence in these 
regions can again be considered to be isotropiC. 
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4.9 EPILOGUE 
In this chapter, detailed LDA results obtained in the T = 100 mm vessel 
have been presented, and the flow pattern produced in the vicinity of a 
single Rushton impeller has been described in detail. Micro and integral 
time scales calculated from time-resolved measurements had values of 
0.11 - 0.2 ms and 0.22 - 1.24 ms respectively. The periodicity of the 
flow was established through spectral analysis and estimates of length 
scales and £ were prOvided. The location of the trailing vortex axis was 
also detennined and compared with the results of earlier investigations. 
In order to investigate the influence of vessel size, measurements were 
also made in the T = 294 mm vessel. The results obtained from the two 
vessels were compared. The comparisons show that where all vessel and 
impeller features were scaled precisely, both mean velocities and 
turbulence levels in the flow field around the impeller scale well with 
vessel size. The comparison of Flow numbers obtained in the two 
vessels show that the Flow numbers scaled between the two vessels 
within 8%. 
In the follOwing chapter, the results obtained in the T = 100 mm vessel 
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Figure 4.1 Comparison of time-resolved, 10 angle-resolved and 360
0 
ensemble-averaged data over six blade passages in the T = 100 mm 
vessel, at r IT = 0.1 7 and ziT = 0.33. 
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Figure 4.2 The variation of the percentage of the total number of data 
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Figure 4.3 Single Rushton impeller configuration: velocity vectors in the 
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Figure 4.4 Single Rushton impeller configuration: velocity vectors in the 
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Figure 4.5 Single Rushton impeller configuration: velocity vectors in the 
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Figure 4.6(a) Single Rushton impeller configuration: velocity vectors in 
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Figure 4.6(b) Single Rushton impeller configuration: velocity vectors in 
the <I> = 30° and 45° planes. 
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Figure 4.7 Single Rushton impeller configuration: axial turbulence level 
contours in the ziT = 0.33 plane. 
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Figure 4.8 Single Rushton impeller configuration: radial turbulence level 
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Figure 4.9 Single Rushton impeller configuration: tangential turbulence 
level contours in the ziT = 0.33 plane. 
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Figure 4.10 Single Rushton impeller configuration: axial turbulence 
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Figure 4.11 Single Rushton impeller configuration: radial turbulence 










c=J > 0.36 
c=J 0.32 - 0.36 
CJ 0.28 - 0.32 
.. 0.24 - 0.28 
.. 0.20 - 0.24 
0.16 - 0.20 
.. 0.12-0.16 
.. 0.08 - 0.12 
.. 0.04 - 0.08 
.. 0.00 - 0.04 
0.05 0.10 0.15 0.20 




Figure 4.12 Single Rushton impeller configuration: tangential 
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Figure 4.13 Single Rushton impeller configuration: axial turbulence 
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Figure 4.14 Single Rushton impeller configuration: radial turbulence 
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Figure 4.15 Single Rushton impeller configuration: tangential 
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Figure 4.16 Single Rushton impeller configuration: turbulence kinetic 
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Figure 4.17 Single Rushton impeller configuration: turbulence kinetic 
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Figure 4.18 Single Rushton impeller configuration: turbulence kinetic 
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Figure 4.19 Single Rushton impeller configuration: turbulence kinetic 
energy contours in the ziT = 0.35 plane. 
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Figure 4.20 Single Rushton impeller configuration: turbulence kinetic 
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Figure 4.21 Single Rushton impeller configuration: turbulence kinetic 
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Figure 4.22 Normalised instantaneous radial velocity recordings made 
in the ziT = 0.33 plane at (a) rlT = 0.17; (b) rlT = 0.18; (c) rlT = 0.22 and 
(d) r IT = 0.25. 
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Figure 4.23 Normalised energy spectra of the instantaneous radial 
velocity recordings made in the ziT = 0.33 plane at (a) r IT = 0.1 7; (b) r IT 





1 ------------------------------------------------~---------------------- -------------- ----------l- ------------------------------ ------------ _____ _ 
: sl~pe = -5/3 
0.1 ------------------------------------------------- . ---._------------------------------------------- :------ -- ------ ------------ ------------------
0.01 ------- -----------------------------------------i------------------------------------------ ------ ------------ --------------- ------- -- ---- ---- -- ---
with periodic component removed 
with periodic component 
0.001 "Tt==-=========--I-=======~I--====-~ 10000 10 100 1000 
f (Hz) 
164 
Figure 4.24 Energy spectrum of the radial velocity fluctuations at r IT = 
0.17, ziT = 0.33, with and without the periodic component. 
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Figure 4.25 Energy spectrum of the radial velocity (with the periodic 
component removed) at r IT = 0 . 1 7 , 0 . 19 and 0.21 , ziT = 0.33. 
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Figure 4.26 Energy spectrum of the radial velocity (with the periodic 
component removed) at rlT = 0.23, 0.25 and 0.27, ziT = 0.33. 
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Figure 4.27 Energy spectrum of the radial veloCity (with the periodic 
component removed) at r IT = 0.31 , 0.33 and 0.35, ziT = 0.33. 
168 
R(-r) 
1.00 -,--------------___ _ 
0.50 
------------- -----------------------
------- ----------------------------------~ ------------------------- .. --------------._------------
0.00 
-0.50 I----.--__ .-___ ~----.__---_I 
0.00 1.00 2.00 3.00 4.00 5.00 
-r (ms) 
Figure 4.28 The autocorrelation function of the radial fluctuating 
velocity at r IT =0.1 7 and ziT = 0.33. 
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Figure 4.29 The variation of (a) micro time scales; and (b) integral time 
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Figure 4.30 The variation of the micro and integral length scales with r / 
T in the ziT = 0.33 plane. 
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Figure 4.32 Comparison of the axis of the trailing vortex shed from the 
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Figure 4.34 Comparison of normalised radial turbulence level profiles 
obtained in the T = 100 mm and T = 294 mm vessels at (a) r IT = 0.1 7 and 













I '\1 ..•••..• 
T = 294 mm from Mahmoudi (1994) 
T =100 mm 







Figure e comparison of Flow numbers for the T = 100 mm and T 
= 294 rum vessels. 











Van der Molen & van Maanen (1978) 
Oyster et al (1993) 
0.30;---------.---------~--------~--------~------~ 




• present work 
0.35 






1.00 1.25 1.50 1.75 2.00 2.25 
rlR 
Figure 4.36 The variation of (a) 3600 ensemble-averaged mean ve ocities 
profile and (b) 3600 ensemble-averaged turbulence velocities with r IR in 






0.50 ¢ = 15° 
t:: 0.40 
N 





0.50 ~ = 45° 
u'/v' 
D > 1.70 
t:::: 0.40 D 1.50 - 1.70 
N D 1.30 - 1.50 
-
1.10-1 .30 
D 0.90 - 1.10 
0.30 
-
0.70 - 0.90 
-
0.50 - 0.70 
-
0.30 - 0.50 
0.00 0.10 0.20 0.30 0.40 
r / T 
Figure 4.37 Single Rushton configuration: u'lv' contours in the <p = 0°, 
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CHAPTER 5 
VELOCITY CHARACTERISTICS OF A STIRRED 
VESSEL WITH TWO RUSHTON IMPELLERS 
5.1 INTRODUCTION 
178 
In this chapter LDA velocity and turbulence measurements made in the 
100 mm diameter vessel stirred by two Rushton impellers are described 
and discussed. The objective of this investigation was to study the 
trailing vortex and overall flow structure with the presence of a second 
impeller under otherwise identical conditions to the single-Rushton 
experiments described in Chapter 4. The lower impeller was located at a 
clearance C 1 = T /3 from the base of the vessel, and the impeller 
separation was C2 = T /3. These impellers spacings were chosen to 
generate in the vessel the 'merging' flow pattern described by Mahmoudi 
and Yianneskis (1992). This mixing configuration was selected as it 
produces the most pronounced modification of the directions of both 
impeller streams and results in the lowest mixing time and power 
consumption (Mahmoudi, 1994). The lower and upper impellers were 
identical to the single Rushton impeller of Chapter 4, with D = T /3. 
The same liquid height (H =T) as in the single-impeller configuration 
was used. The impellers rotated in a clockwise direction as viewed from 
above, and the rotational speed was kept constant at N = 2165+10 rpm 
(Re = 40000). 
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As in the previous chapter, the origin of the co-ordinate system used is 
the centre of the base of the vessel, and all locations are described in 
terms of normalised axial (ziT), normalised radial (r IT) and tangential 
(8) co-ordinates. All measurements were conducted in the 8 = 0° plane. 
Results are presented in this chapter only for the flow in the vicinity of 
the lower impeller. Measurements in the upper half of the vessel 
showed that the flows are effectively symmetric about the middle of the 
vessel as the clearance (C 1), spacing (C2) and submergence (C3) of the 
impellers are all identical. 
5.2 RESULTS AND DISCUSSION 
5.2.1 MEAN VELOCITY DISTRIBUTION 
The mean velocity vectors relative to the blade (Le. with the rotational 
velocities subtracted from the tangential components) obtained in the 
ziT = 0.33 plane where the middle of the lower impeller disk is located, 
are shown in Figure 5.1. 
The vectors show that near the lower impeller blade, at r IT = 0.17, 
there are strong radial velocities between <1> = 0° and <1> = 45°. The 
magnitudes of the radial velocities found in this region are around 25% 
smaller than those obtained with the single-impeller at this elevation 
(compare with Figure 4.3). The V I Vup velocities decrease to 0.40 at 
rlT = 0.19 and near-zero velocities are observed after this radius and 
the flow direction is tangential. The tangential velocities at different 
180 
radii vary from around 1.0 V tip at r IT = 0.22 to 1.3 Vup at r IT = 0.25, 1.6 
Vtip at r IT = 0.30 and 1.8 V tip at r IT = 0.35. The flow therefore resembles 
solid-body rotation at these locations. 
In Figure 5.2 the mean velocity vectors in the ziT = 0.35 plane are 
shown. Strong radial velOCities can again be observed near the blade at 
rlT = 0.17 between <1> = 15° and <I> = 50° and at rlT = 0.19 between <I> = 
20° and <I> = 60°. Though the flow direction after r IT = O. 19 is almost 
tangential as in the ziT = 0.33 plane, the magnitudes of the radial 
velocities near the trailing blade at r IT = 0.22 are 80% larger than 
those in the ziT = 0.33 plane. The tangential velocities increase almost 
linearly with radial distance after r IT = 0.25, again resembling solid-
body rotation. 
The mean velocity vectors in the ziT = 0.40 plane are depicted in Figure 
5.3. In contrast to the two preceding figures, the radial velocities are 
near zero at r IT = 0.1 7 and r IT = 0.19. However, after r IT = 0.19, the 
radial velocities increase in magnitude. Again, the tangential velocities 
in this plane increase with radial distance. 
Figure 5.4 shows the mean velocity vectors in the ziT = 0.50 plane. The 
flow direction in this plane is almost entirely tangential and again 
resembles solid-body rotation. 
The results of Figures 5.1 to 5.4 show that the magnitudes of the radial 
velocities decrease with increasing ziT between r IT = 0.1 7 and r IT = 
0.19. The flow generated with the two impellers is primarily in the 
tangential direction. This is likely to be attributable to the more 
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intense rotational flow induced in the vessel due to the additional 
impeller. 
Figure 5.5 shows the velocity vectors in four <I> planes (0°, 15°, 30° and 
45°). In this figure. a line is drawn at ziT = 0.33 for all planes depicted 
in order to aid the assessment of the inclination of the impeller stream. 
At all <I> angles, the discharge flow is oriented at apprOximately 45° to 
the horizontal, in contrast with the near-horizontal discharge flow of 
the single-Rushton impeller in the previous chapter (Figure 4.6). 
The mean flow is generally similar in all four <I> planes except for the 
region near the impeller (for ziT < 0.42 and r IT < 0.25). It is in this 
region that vortical flows associated with the trailing vortices from the 
two impellers can be distinguished at <I> = 30° and 45°. 
The centre of the trailing vortex is located at a higher elevation than in 
the Single-Rushton system, for example at ziT = 0.36 and 0.39 at <I> = 
30° and 45° respectively. The structure and interaction of the trailing 
vortices from the two impellers is discussed further in Sections 5.2.4 
and 5.2.5 below. 
The inclination of the impeller stream and the different location of the 
trailing vortex compared with the single Rushton case are attributable 
to the influence of the additional impeller. The presence of the upper 
impeller prevents the formation of a large ring vortex above the lower 
impeller which would be present in a single-Rushton impeller system. 
Conversely, with the lower impeller in place the formation of a large 
ring vortex below the upper impeller is prevented. Instead, two small 
182 
ring vortices are formed near the axis between the two impellers. Part of 
the small vortex formed above the lower impeller is evident in Figure 
5.5, located between ziT = 0.4 and 0.5 and r IT = 0.17 and 0.22. With 
this impeller separation, the discharge streams are inclined at 
45° towards one another, and merge midway between impellers to form 
two very large ring vortices, as also observed by Mahmoudi and 
Yianneskis (1991) and Mahmoudi (1994). As a result, the strong 
downward flow near the impeller tip due to the upper ring vortex above 
the impeller disk which can be clearly identified in Figure 4.6, is not 
present in the dual-Rushton flow. 
5.2.2 TURBULENCE LEVEL DISTRIBUTIONS 
The normalised turbulence levels, u'/Vtip , v'/Vtip and w'/Vtip , in the ziT 
= 0.33 plane are shown in Figures 5.6, 5.7 and 5.8 respectively. They 
may be compared with the similar results presented for the single 
impeller in Figures 4.7, 4.8 and 4.9 respectively. 
High levels of u'/Vtip can be observed behind the leading blade in Figure 
5.6. A small region of locally high u' IV tip levels (between 0.20 and 0.24) 
at around r/T = 0.20 to r/T = 0.22 can also be observed next to the 
leading blade (Le. <1> = 0°), indicating the presence of the trailing vortex 
produced by the preceding blade. It can be seen that values of u'/Vtip 
levels above 0.16 are confined to a smaller region than that for the 
single-impeller case (see Figure 4.7), extending only up to r IT = 0.24. 
The v'/V
tip levels (Figure 5.7) show similar features to the u'/Vtip 
distribution. The highest values are again found behind the leading 
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blade but they are distributed over a larger region (10° < <I> < 50°) and are 
higher (> 0.36 compared with 0.28 - 0.32) than the u'/Vtip levels. This 
might be expected as the V velocity gradients are steeper and mean flow 
variations are more pronounced in the radial direction. The 0.24 - 0.28 
v' IV tip region at <I> = 0° is again associated with the vortex produced by 
the preceding blade. As for the u'/Vtip results, v'/Vtip levels above 0.16 
are confined to a smaller region than for with the single Rushton 
impeller. extending only up to r/T = 0.25. 
The w'/Vtip level distribution (Figure 5.8) is again similar to the u'/Vtip 
and v'/Vtip ones. The w'/V tip levels do not exceed 0.36 and the region of 
w' > 0.16 Vtip extends further, up to r/T = 0.27, than the u' and v' 
distributions. Although the u', v' and w' levels are similar or identical 
in many locations in this plane, there are significant differences in 
many parts of the flow. For example, at <I> = 45° and r/T = 0.21, v'/Vtip is 
greater than 0.36, whereas w'/Vtip and u'/Vtip are 30% smaller. The 
three distributions indicate that the turbulence in the vicinity of the 
impeller blades may be considered anisotropiC. 
Figure 5.9 shows the u'/Vtip levels in the ziT = 0.35 plane. The u'/Vtip 
contours in this figure are similar in magnitude to those in the ziT = 
0.33 plane. The high u'/Vtip level region associated with the trailing 
vortices generated by the preceding and the leading blade are also 
eVident, and the region of u'/Vtip levels above 0.16 extends slightly 
further than that in the ziT = 0.33 plane, to around r IT = 0.26. 
In Figure 5.10, the v'/Vtip contours in the ziT = 0.35 plane are shown. 
Again the magnitudes of the contours are similar to those in the ziT = 
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0.33 plane. As for the u'/Vtip distribution, the region of v'/Vtip levels 
above 0.16 extends further than at ziT = 0.33, to around r/T = 0.28. 
The w'/Vup contours in the ziT = 0.35 plane are shown in Figure 5.11 
and show similar features to those in Figures 5.6 - 5.10. 
From Figures 5.6 to 5.11, it can be concluded that the axes of the 
trailing vortices are curved inwards more than in single-impeller flows. 
This can be attributed to the influence of the additional impeller, as 
the presence of two impellers results in stronger tangential velocities. 
Furthermore, as a result of the stronger tangential velocities in double-
impeller flows: the distributions of the turbulence levels of all three 
components are confined to smaller radii than in single-impeller flows. 
Further away from the impeller disk elevation, at ziT = 0.40 (Figures 
5.12 - 5.14) regions of high u'/Vtip , v'/Vtip and w'/Vtip levels are found 
at larger radii than in the two ziT planes considered earlier. Again two 
regions can be distinguished in all three figures where the levels are 
high, and these are associated with the preceding and leading blade 
trailing vortex structures. 
Figure 5.15 shows the u'/Vtip levels in the ziT = 0.50 plane. In this 
figure, the presence of high levels associated with the two trailing 
vortices is no longer evident. The region of u'/Vup levels is now confined 
between r IT = 0.26 and r IT = 0.32. The v'/Vtip contours and w'/Vtip 
contours in the ziT = 0.50 plane are shown in Figures 5.16 and 5.1 7 
respectively. It can be seen that the v'/Vtip levels and w'/Vup levels are 
more uniform, with values of 0.08 - 0.16 across the whole region. 
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The results presented in Figures 5.12 to 5.17 show that the decay of 
u'/Vup is not as rapid as that of v'/Vtip and w'/Vtip even though the 
highest levels measured at the other zIT planes were the v'/Vtip ones. 
The high u' /Vtip values in this plane are likely to be associated with the 
interaction of the impeller stream with that produced by the upper 
impeller. This is discussed further below in relation to the turbulence 
level distributions in vertical (<1» planes. The differences observed in the 
u' /Vtip , v' /Vtip and w' /Vtip distributions in all the ziT planes indicate 
that. as for the single-impeller case, the turbulence in the impeller 
stream may be considered to be anisotropic. 
A good indication of the direction of the impeller stream in the double-
impeller case is given by the u' /Vtip contours in four <1> planes (0°, 15°, 
30° and 45°) shown in Figure 5.18. At <1> = 0° the high u'/Vup levels 
around r /T = 0.20 are associated with the flow produced by the 
preceding blade and they are higher than in the single-impeller case, 
with their centre located at around r /T = 0.22, ziT = 0.36 (compare 
with Figure 4.23). The high u'/Vtip level region near the tip at <1> = 15° is 
due to the flow produced by the leading blade, and it is found to extend 
further into the impeller stream and to merge with the region of high 
u' /Vtip associated with the vortex produced by the preceding blade at 
subsequent <1> planes. The contours shown in all <1> planes extend 
outward from the blade at an angle of around 45° to the horizontal and 
in general the contours of u'/Vtip levels above 0.16 extend to ziT = 0.50. 
Figures 5.19 and 5.20 show the v'/Vtip and w'/Vtip distributions 
respectively at the same four <1> planes. Similar observations as for the 
u'/Vtip distributions can be made: the two high turbulence level regions 
186 
associated with the preceding and the leading blade vortex structures 
can be clearly identified but both v'/Vtip and w'/Vtip do not exceed 0.16 
at the ziT = 0.50 plane. The centres of the high v'/Vtip and w'/Vtip level 
regions associated with either the leading or the preceding blade 
vortices are found to extend only to ziT = 0.39 in all planes. The 
elongated shape of the region in which w'/Vtip > 0.28 at <l> = 15° and 30° 
in Figure 5.20 is expected to stem from the combined effect of the two 
trailing vortices produced by the lower impeller blade, i.e. one from the 
top and one from the bottom half of the blade. The high w'/Vtip levels 
associated with the bottom vortex are evident in this case due to the 
inclination of the impeller stream, in contrast with the single-Rushton 
configuration. The results indicate that the axes of the vortices are 
strongly curved and have only a slight upward inclination. A better 
assessment of the extent of the influence of the trailing vortex 
structures can be made by reference to the k/ Vrip contour levels 
presented below. 
Comparison of the extent of the high u' /Vup region with that for the 
single-impeller (Figure 4.13) shows that the two regions are similar in 
size. However, there are two differences. First, in the two-impeller case, 
the region extends above the impeller to ziT = 0.50 due to the 
inclination of the impeller stream, but the shape of the contours 
indicates that below the impeller this region is unlikely to extend below 
the lower edge of the blade. Second, due to the combined effect of both 
impellers the turbulence levels are in general higher and the decay of 
the vortical structures may be expected to be slower than in the single-
impeller case. 
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5.2.3 TURBULENCE KINETIC ENERGY DISTRIBUTIONS 
Figure 5.21 shows the kl V~p contours in the same four <1> planes (0°, 
15°,30° and 45°). At <1> = 0°, locally high k/V~p levels can be observed at 
around r IT = 0.21, indicating the trailing vortex produced by the 
preceding blade. The presence of this trailing vortex is still evident at <1> 
= 15°. 
At <1> = 15°, the region of high kl V~iP levels observed near the tip is 
associated with the flow from the leading blade. This region spreads 
progressively outwards at a angle of around 45° to the horizontal in 
subsequent <1> planes. Due to the inclination of the impeller stream, the 
regions of kl V~p levels above 0.02 in all <1> planes extend above the 
impeller to ziT = 0.50 but below the disk they might be expected to 
extend only to the lower edge of the blade. 
Figure 5.22 shows the kl V~p contours in the ziT = 0.33 plane. Again 
high kl V~iP levels can be observed behind the leading blade. This region 
is curved slightly more inward in comparison with the kl V~p results 
obtained at the same elevation for the single-impeller system (Figure 
4.18). After r IT = 0.25 , the kl V~iP levels decrease to below 0.04, and 
they decrease further to below 0.02 after r IT = 0.31. 
Figure 5.23 shows the kl V~p contours in the ziT = 0.35 plane. The 
distribution of kl v2. in this plane is similar to that observed in the tip 
ziT = 0.33 plane with one exception: the presence of the trailing vortex 
produced by the preceding blade is more evident in this plane at r IT = 
0.21 and <1> = 0°. 
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Figure 5.24 shows the kl V~p contours obtained in the ziT = 0.40 
plane. The two regions of high kl V~p may be considered to indicate the 
trailing vortices produced by the leading and preceding blades. The 
kl V~iP levels after r IT = 0.30 are higher than those observed in the 
previous two planes. This is attributed to the inclination of the impeller 
streams and the associated movement of the vortex structures away 
from the impeller. 
Figure 5.25 shows the kl V~iP contours in the ziT = 0.50 plane. The 
kl V~p levels are uniform with values of 0.02 - 0.04 after r/T = 0.19, 
while between rlT = 0.17 and 0.19 a radial band with k/V~p = 0.02 -
0.04 is observed. 
5.2.4 TIME-RESOLVED VELOCITY MEASUREMENTS 
INSTANTANEOUS VELOCITIES AND NORMALISED ENERGY SPECTRA 
It can be observed from the results presented in the previous sections 
that the impeller stream is inclined at an angle to the horizontal. 
Therefore, in order to quantify the decay of the trailing vortex structure 
and compare with the single-impeller case, time-resolved velocity 
measurements of the radial component, V, were made at the follOwing 
locations along the inclined impeller stream: rlT = 0.17, ziT = 0.33; r/T 
= 0.25, ziT = 0.41 and r IT = 0.30, r IT = 0.50. 
Figure 5.26(a) shows a recording of V IVtip made at r/T = 0.17, ziT = 
0.33. Six cycles per revolution can be observed, as in the single-impeller 
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case. The maximum V IVtip value is about 200/0 smaller than that in the 
single-impeller case. This is expected as the flow is inclined at an angle 
of about 45° to the horizontal hence the radial velocities would be 
smaller. 
Figure 5.26(b) shows the recording of V IVtip made at r IT = 0.25, ziT = 
0.41. No discernible periodicity can be observed in this recording. 
Similarly. no periodicity can be observed in the V IVtip recording made 
at r IT = 0.30, ziT = 0.50 (Figure 4.26(c)). 
Normalised energy spectra of the velocity recordings presented above 
were also computed, using the Lomb method as described in the 
previous chapter. The nonnalised energy spectra corresponding to the 
recordings shown in Figures 4.26(a)-(c) are presented in Figures 
4.27(a)-(c) respectively. 
In Figure 4.27(a), it can be observed that there is a sharp peak at 
around 216 Hz, which corresponds to the blade passage frequency, 
indicating that there is a well-defined periodic motion in the flow at 
this location. The magnitude of this peak is about 500/0 of that found in 
the single-impeller case at the same location. However, unlike the 
normalised energy spectrum obtained for the single-impeller 
configuration, no distinctive peaks at 432 Hz can be observed (see 
Figure 4.23(a)). Furthennore, in Figure 5.27(a) it can be seen that there 
is also a peak at around 5 Hz. 
In the nonnalised energy spectrum of V at r IT = 0.25, ziT = 0.41 (Figure 
5.27(b)), a number of peaks of similar magnitudes (between 0.1 and 
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0.25) at frequencies between 5 Hz and 10 Hz can be observed instead of 
a distinctive sharp peak at 216 Hz. This indicates that there is no well-
defined periodic or quasi-periodic motion in the flow at this location. 
In the energy spectrum of V at r IT = 0.30, ziT = 0.50 (Figure 5.27(c)), a 
broad band of peaks can be found up to around 50 Hz. The origin of the 
low-frequency peaks in Figures 5.27(a)-(c) is not understood and 
further work is required to investigate this. 
ENERGY SPECTRA AND SCALES OF TURBULENCE 
The V recordings were resampled and filtered, where necessary, and 
processed further to obtain the corrected fluctuation velocity 
component, v (Le. with the periodic component removed). Thence the 
energy spectra, integral and micro time scales were computed. 
The energy spectrum of v at r/T = 0.17, ziT = 0.33 is shown in Figure 
5.28 plotted in log-log scale. For comparison purposes, the energy 
spectrum obtained at the same location with a single impeller is 
shown, and a straight line with a -5/3 slope is also drawn in this 
figure. Similar energy distributions can be observed for the two spectra 
shown in Figure 5.28. Over most of the frequency range, the magnitude 
of the spectrum for the double impeller case is smaller than the single 
impeller one, this may be attributed to the inclination of the impeller 
stream with the double-impeller configuration. As the flow direction is 
not primarily in the radial direction as in the case of a single impeller 
less energy might be contained in the v component. The slope of the 
spectrum obtained with the double-impeller is similar to that with the 
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single-impeller configuration, around -1.3 for frequencies above 1 kHz. 
The deviation of the slope from the value of -5/3, again implies 
anisotropy. Figure 5.29 shows the energy spectra ofv at rlT = 0.25, ziT 
= 0.41 and r/T = 0.30, ziT = 0.50. It can be observed that, the slope of 
both spectra is about -513 over most of the frequency range, therefore, 
the turbulence at these two locations may be considered to be isotropic. 
Temporal and spatial scales of turbulence were calculated from the v 
velocity variations in the dual-Rushton case in the manner described 
earlier for the single-impeller flow. The values are listed in the table 
below: 

























Clearly the variations of all scales with distance from the impeller blade 
are not as expected and contrast those found for the single-Rushton 
case. It must be noted, however, that with two impellers, the flow is not 
primarily in the radial direction and direct comparisons are not 
appropriate. Clearly, time-resolved measurements of at least two 
components or of a single component at 45° to the horizontal are 
reqUired for the dual-Rushton case. In view of this and of the 
approximations involved in the determination of the rate of dissipation 
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which were described in the previous chapter, £ was not calculated for 
this flow. 
5.2.5 TRAILING VORTEX AXIS 
The location of the mean axis of the trailing vortex generated by the 
lower impeller is plotted in Figure 5.30. This figure shows the axis in 
the r-8 plane as viewed from above the vessel, with the impeller rotating 
in a clockwise direction. For comparative purposes the trailing vortex 
axes for the single-impeller flow presented in the previous chapter and 
that determined by Rutherford et al (1996a) in a 294 mm vessel are also 
shown. 
Various techniques used by other researchers to determine the locus of 
the axis were described in the previous chapter. The vortex axis of this 
investigation was determined from the turbulence kinetic energy 
distributions in various ziT planes. This was employed as an 
approximation since it is not possible to determine the velocity 
component which is zero in a plane perpendicular to the axis of the 
trailing vortex, due to the inclination of the impeller streams. 
It can be seen from Figure 5.30 that the centre of the trailing vortex 
produced by the lower impeller does not extend as far into the vessel as 
for the single-impeller flow. The vortex axis with the single-impeller 
configuration extends to around r IT = 0.22 at <l> = 60°, while the vortex 
axis with the dual-impeller configuration extends only to rlT = 0.19 at 
<l> = 60°. This is attributed to the stronger tangential velocities due to 
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the presence of an additional impeller and the inclination of the 
impeller streams. 
It can also be observed from Figure 5.30 that the trailing vortex axis in 
the 100 mm diameter vessel is very similar to that in the 294 mm 
diameter vessel, indicating good scaling of the flows. 
5.2.6 VELOCITY VARIATION IN IMPELLER STREAM 
Figures 5.31 (a) and (b) show the variation with radial distance from the 
blade of the normalised 3600 ensemble-averaged mean velocities and 
turbulence levels respectively in the ziT = 0.33 plane. The 3600 
ensemble-averaged radial mean velocities and turbulence levels were 
computed from the 10 angle-resolved results. The 'best-fit' of the 
variation shown in Figure 5.31 (a) is given by: 
v = 0.48 (!:..)-4.39 
V tip R 
(5.1) 
When compared with that obtained for the single impeller case, which 
is given by: 
( )
-0.99 
- 0.74 !:.. 
R 
(5.2) 
it can be seen that V I V tip near the blade tip is about 300/0 higher and 
that V / V. decays slower with the single Rushton impeller. These 
tIp 
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trends might be expected, as the impeller stream with the two Rushton 
impellers is not horizontal. 
The 'best-fit' obtained for the 360° ensemble-averaged turbulence level 
results shown in Figure 5.31 (b) is given by: 
v' = -0.28 (~) + 0.63 
V tip R 
(5.3) 
Clearly, the straight line represents a bad fit in comparison with the 
single Rushton case (Figure 4.36(b)). Therefore, since the angle of 
inclination of the impeller stream was found to be 45° to the 
hOrizontal, 360° ensemble-averaged mean velocities and turbulence 
levels at locations within the inclined impeller stream should be 
calculated. Figure 5.32 shows the variation of V I V tip with dlR, where 
d is the distance of the measurement location from the blade tip along 





As expected, Equation (5.4) shows that the decay of V I V tip is not as 
rapid as that in the impeller disk plane. In addition, Equation (5.4) 
prOvides a more appropriate characterisation of the radial velocity decay 
along the (inclined) impeller stream. However, due to the inclination of 
the stream it is more appropriate to consider the variation of the 
resultant velocity Vres/Vtip with dlR, where 
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(5.5) 
The variation of Vres/Vtip with (d/R) is also shown in Figure 5.32, and 
the 'best-fit' of the data is given by: 
V res = O. 60 (~)-1.66 
V tip R (5.6) 
The higher value of Vres/Vtip at the blade tip (Le. 0.60) indicates that 
Vres/V tip would be more appropriate than V / V tip to quantify the decay 
of the mean velocities in the impeller stream for the double impeller 
case. 
Similarly, the resultant turbulence levels, v'res, would be more 
appropriate than v' to quantify the decay of the turbulence velocities in 
the impeller stream. Attempts were made to obtain values of v'res from 
the u' and v' data using the method described by Melling and Whitelaw 
(1976). However, much scatter could be observed in the results obtained 
with this method and measurements of the turbulence level component 
at 45° to the horizontal along the inclined impeller stream are required 
to calculate the decay of v'res in the dual-Rushton configuration. 
5.2.7 ANISOTROPY OF THE IMPELLER DISCHARGE FLOW 
Figures 5.33 and 5.34 show the normalised I u' - v'l and I w' - v'l 
contours respectively in four <I> planes. These results may be compared 
With the corresponding Figures 4.39 and 4.40 for the single-Rushton 
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case. Similar observations to those in Section 4.4.4 can be made for the 
double-Rushton case as well. 
In order to avoid repetition, it is sufficient to note that the high 
lU' - V'I /Vtip and I w' - v' I /Vtip values near the blade indicate that the 
turbulence in the region near the blade is anisotropic. In the region ziT 
> 0.40 and r/T > 0.25 the differences between u ', v', and w' are smaller 
(between 0.0 and 0.04), and the turbulence in this region may be 
considered as isotropic. 
5.3 EPILOGUE 
In this chapter, detailed LDA results obtained in the T = 100 mm vessel 
stirred by two Rushton impellers have been presented. The flow pattern 
produced in the vicinity of the lower impeller has been described in 
detail and compared with the results obtained with the single-impeller 
configuration. 
The results show that the impeller stream of the lower impeller is 
inclined at around 45° to the horizontal. They also show that the 
presence of the additional impeller generates stronger tangential 
velocities and, as a result, the axes of the trailing vortices curve 
inwards more than in single-impeller flows. As for the single-impeller 
case, the extent of influence of the periodicity of the vortical flows can 
be confined within a cylindrical surface, albeit larger for the double-
impeller case. The cylindrical surface in this case is centred around the 
middle of the vessel and its height and radius are around 1.2 D and 
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1.0 D respectively. The trailing vortex axis obtained in the present work 
is very similar to that obtained in a 294 mm vessel reported by 
Rutherford et al (1996a), indicating good scaling of the flows. 
The turbulence near the impeller is indicated to be anistropic and it 
may be considered to be isotropic after r/T = 0.25, as shown by the 
normalised relative magnitude of the three turbulence level components 
and the energy spectra results. 
In order to study the mixing processes in the 100 mm vessel stirred by 
either single- or double-Rushton impeller(s), the liquid crystal 
thermographic technique developed was employed to determine the 
transient mixing characteristics in the vessel. In the follOwing chapter, 
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Figure 5.1 Double Rushton impeller configuration: velocity vectors in the 
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Figure 5.2 Double Rushton impeller configuration: velocity vectors in the 
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Figure 5.3 Double Rushton impeller configuration: velocity vectors in the 
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Figure 5.4 Double Rushton impeller configuration: velocity vectors in the 
ziT = 0.50 plane. 
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Figure 5.5(a) Double Rushton impeller configuration: velocity vectors in 
the <I> = 0° and 15° planes. 
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Figure 5.5(b) Double Rushton impeller configuration: velocity vectors in 
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Figure 5.6 Double Rushton impeller configuration: axial turbulence level 
contours in the ziT = 0.33 plane. 
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Figure 5.7 Double Rushton impeller configuration: radial turbulence 
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Figure 5.8 Double Rushton impeller configuration: tangential 
turbulence level contours in the ziT = 0.33 plane. 
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Figure 5.9 Double Rushton impeller configuration: axial turbulence level 
contours in the ziT = 0.35 plane. 
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Figure 5.10 Double Rushton impeller configuration: radial turbulence 
level contours in the ziT = 0.35 plane. 
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Figure 5.11 Double Rushton impeller configuration: tangential 
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Figure 5.12 Double Rushton impeller configuration: axial turbulence 
level contours in the ziT = 0.40 plane. 
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Figure 5.13 Double Rushton impeller configuration: radial turbulence 
level contours in the ziT = 0.40 plane. 
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Figure 5.14 Double Rushton impeller configuration: tangential 
turbulence level contours in the ziT = 0.40 plane. 
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Figure 5.15 Double Rushton impeller configuration: axial turbulence 
level contours in the ziT = 0 .50 plane. 
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Figure 5.16 Double Rushton impeller configuration: radial turbulence 
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Figure 5.17 Double Rushton impeller configuration: tangential 
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Figure 5.18 Double Rushton impeller configuration: axial turbulence 
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Figure 5.19 Double Rushton impeller configuration: radial turbulence 
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Figure 5.20 Double Rushton impeller configuration: tangential 
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Figure 5.21 Double Rushton impeller configuration: turbulence kinetic 
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Figure 5.22 Double Rushton impeller configuration: turbulence kinetic 








0.30 .. 0.10-0.12 
0.08 - 0.10 
.. 0.06 - 0.08 
.. 0.04 - 0.06 
0.25 .. 0.02 - 0.04 




0.00 0.05 0.10 0.15 0.20 




Figure 5.23 Double Rushton impeller configuration: turbulence kinetic 
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Figure 5.24 Double Rushton impeller configuration: turbulence kinetic 
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Figure 5.25 Double Rushton impeller configuration: turbulence kinetic 
energy contours in the ziT = 0.50 plane. 
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Figure 5.26 Nonnalised instantaneous radial velocity recordings made 
at (a) r IT = 0.1 7, ziT = 0.33; (b) r IT = 0.25, ziT = 0.41 and (c) r IT = 0.30, 
ziT = 0.50. 
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Figure 5.27 Normalised energy spectra at (a) rlT = 0.17, ziT = 0.33; (b) 
rlT = 0.25, ziT = 0.41 and (c) rlT = 0.30, ziT = 0.50. 
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Figure 5.28 Energy spectra of the radial velocity with the periodic com-
ponent removed , at r IT = 0.17, ziT = 0 .33 with single and double 
Rushton impeller configurations. 
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Figure 5.29 Energy spectra of the radial velocity with the periodic com-
ponent removed, at r IT = 0.25, ziT = 0.41 and r IT = 0.30, ziT = 0.50 with 
double Rushton impeller. 
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Figure 5.30 The axis of the trailing vortex shed from the lower Rushton 
impeller as viewed from above the vessel. 
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Figure 5.31 The variation of (a) 3600 ensemble-averaged mean velocities 
and (b) 3600 ensemble-averaged turbulence levels with r IR in the ziT = 
0.33 plane. 
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Figure 5.32 The variation of the 3600 ensemble-averaged resultant mean 
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Figure 5.33 Double Rushton impeller configuration: lu' - v' I/Vup contours 
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Figure 5.34 Double Rushton impeller configuration: Iw' - v' I/V tip contours 
in the <1> = 0°, 15°,30° and 45° planes. 
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CHAPTER 6 
MIXING CHARACTERISTICS OF A VESSEL STIRRED 
BY SINGLE AND DOUBLE RUSHTON IMPELLERS 
6.1 INTRODUCTION 
The liquid crystal thermographic technique developed was employed to 
measure the mixing times in the 100 mm diameter vessel agitated by 
both single and double Rushton impellers. The principles and 
development of the liquid crystal thermographic technique have been 
described in detail in Chapter 3. The single and double impeller 
configurations were identical to those of Chapters 4 and 5 respectively: 
the liquid height in the vessel was H = T and the Rushton impellers 
had a symmetrical hub and D = T /3. For the single-impeller 
configuration, the impeller was located at a clearance C = T/3 from the 
base of the vessel. For the double-impeller configuration, the lower 
impeller was located at a clearance C 1 = T /3 from the base of the 
vessel, and the impeller separation was C2 = T/3. Experiments were 
conducted at four impeller rotational speeds for both the single- and 
double-impeller configurations: 540, 1083, 1624, and 2165 rpm, 
corresponding to Reynolds numbers of 10000, 20000,30000 and 40000 
respectively. 
The temperature of the fluid inside the vessel and of the tracer used in 
the experiments were 2S.2°C and 27°C respectively. Thermochromic 
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liquid crystals encapsulated as gelatine-shell micro-spheres of 20 /.lm 
mean diameter were suspended in the fluid in the vessel. A 5 ml tracer 
of liquid crystals suspended in distilled water, having the same liquid 
crystal concentration as the fluid inside the vessel was inserted into 
the vessel at r IT = 0.25 in the 8 = 0° plane through the lid and the 
tracer insertion time was kept constant throughout the experiments at 
0.4 s. The transient process of the mixing of the tracer in the vessel was 
recorded onto video tape at a rate of 25 frames per second. The tracer 
insertion was performed after the video recording had commenced so 
that the time of the start of the insertion could be accurately 
ascertained. 
The video recording of each of the processes was subsequently subjected 
to a frame-by-frame analysis to determine the time between the frame 
at which the insertion of the tracer commenced (ni) and the frame at 
which the process was fully-mixed (nm ). The mixing time of the process 
(8m ) was then obtained from: 
nm - n i 
frame rate 
(6.1) 
As mentioned in Chapter 3, mixing time was determined by means of 
analysing the hue distribution of the colours displayed by the liquid 
crystals. A process was considered to be fully-mixed when 95% of the 
pixels in each image had the same value of hue. 
The colours displayed by the liquid crystals depend on the lighting 
11 t o ngle Therefore these condition as well as on the image co ec Ion a . 
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conditions were optimised so that during the calI'br t· . a Ion experIments 
the values of hue of all pixels were within +5 of the mean value of hue 
at any particular temperature. Although the impellers and the shaft 
were painted matt black in order to minimise reflections, strong scatter 
of light was observed in the vicinity of the impellers and shaft as well 
as near the vessel wall, lid and base. Therefore, analysis of the hue of 
the images obtained was not carried out in these regions. 
6.2 RESULTS WITH SINGLE-RUSHTON IMPELLER 
CONFIGURATION 
Characteristic unprocessed (colour) images obtained from a recording 
made with the flow stirred by a single impeller at a speed of 540 rpm are 
shown in Figures 6.1 - 6.6. Only half of the vessel cross-section at the 
e = 0° plane is shown. 
Figure 6.1 shows the image obtained 160 ms after the start of the 
insertion of the tracer. The tracer jet, which was at a higher 
temperature than the fluid in the vessel, is indicated by the blue region 
of the figure. It can be seen that 160 ms after the insertion the jet has 
penetrated as far as the impeller region. The tracer jet path is affected 
by the impeller stream, curving slightly towards the vessel wall. 
280 ms after the insertion of the tracer (Figure 6.2), the jet of the tracer 
has moved further towards the vessel wall under the influence of the 
impeller stream, and has reached the bottom of the vessel. 
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Figures 6.3 and 6.4 show the images obtained at 400 ms and 480 ms 
after the insertion of the tracer respectively. The greenish-blue regions 
underneath the impeller that can be observed in these two figures, 
indicate that the temperature in these regions is between the 
temperature of the tracer and the temperature of the cooler fluid of the 
vessel, and indicate vigorous mixing of the tracer with the cooler fluid. 
Figure 6.5 shows the image obtained at 720 ms after the insertion of 
the tracer. Greenish-blue regions can still be observed near the bottom 
of the vessel, indicating that the fluid in the vessel is not fully-mixed 
yet. In contrast, the nearly uniform colour observed in the image 
obtained at 1.80 s after the start of the insertion of the tracer (Figure 
6.6) indicates that the fluid in the vessel is nearly fully-mixed! 
Though the colour exhibited by the images presented above can provide 
a visual indication of the local temperature, in order to determine the 
mixing time, the images obtained were subjected to a pixel-by-pixel 
analysis to obtain the hue distribution of the image. The hue contours 
of the images shown in Figures 6.1 - 6.6 are presented in Figures 6.7-
6.12 respectively. 
The hue contour map of the image obtained 160 ms after the start of 
the insertion of the tracer is shown in Figure 6.7. The jet of the tracer, 
which was at a higher temperature than the fluid in the vessel, is 
indicated by the region of hue values between 120 and 150 (shown in 
brown and red). 
t It should be noted that, as the velocity of tracer insertion was relatively high, the mixing 
time measurements could be affected. This could result in an underestimation of 8m in the 
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Figure 6.8 shows the hue contour map of the image obtained 280 ms 
after the start of the insertion of the tracer. The region of hue values 
higher than 120 again indicate the jet of the tracer, which has moved 
further towards the vessel wall under the influence of the impeller 
stream and has reached the bottom of the vessel. As in Figure 6.7, 
locally high hue values (above 135) can be observed in the core of the 
tracer jet. 
Figure 6.9 shows the hue contour map of the image obtained 400 ms 
after the start of the insertion of the tracer. The region with hue values 
between 120 and 135 observed between the bottom the vessel and ziT = 
0.20, indicates that the tracer jet has been deflected by the bottom of 
the vessel and is moving upwards. The contour map shown in Figure 
6.10, 480 ms after the start of the insertion, indicates that most of the 
tracer is located now below ziT = 0.50. Again, locally high hue values 
(above 150) can be observed in the core of the tracer jet in both Figures 
6.9 and 6.10. 
Figure 6.11 shows the hue map of the image obtained 720 ms after the 
start of the insertion of the tracer. Regions of high hue values can be 
observed only below the impeller. At 1.80 s after the start of the 
insertion of the tracer (Figure 6.12), the hue values in most regions are 
between 105 and 120, indicating that the fluid inside the vessel is 
nearly fully-mixed. 
Images obtained from the recordings obtained with higher impeller 
speeds showed similar mixing behaviour to that described above. Hue 
analysis was perfonned on the images obtained with all impeller speeds 
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investigated to determine the mixing times Th .. . 
. e mIxIng tImes found 
were 1.92 s. 1.04 s. 0.68 s and 0.60 s for impeller speeds of 540, 1083, 
1624 and 2165 rpm respectively. 
6.3 RESULTS WITH DOUBLE-RUSHTON IMPELLER 
CONFIGURATION 
Unprocessed (colour) images obtained from a recording made with the 
flow stirred by two Rushton impellers at a speed of 540 rpm are shown 
in Figures 6.13 - 6.18. As for the single-Rushton configuration, they 
show only half of the entire flow field. For comparison purposes, 
Figures 6.13 - 6.1 7 correspond to the same time intervals as Figures 6.1 
- 6.5 presented in the previous section. 
Figure 6.13 shows the image obtained 160 ms after the start of the 
insertion of the tracer. The tracer which has a higher temperature than 
the fluid inside the vessel is again indicated by the blue colour region 
in the figure. Figure 6. 14 shows the image obtained 280 ms after the 
start of the insertion of the tracer. It can be observed that the tracer 
has reached the bottom of the vessel. At 400 ms after the start of the 
insertion (Figure 6.15). the tracer jet has spread along the base of the 
vessel to r IT ::::: 0.10, while 80 ms later (Figure 6.16) it has reached the 
vessel axis. 
Figures 6. 13 - 6. 16 indicate that the tracer jet is affected relatively 
slightly by the stream of the upper impeller which is also flowing 
downwards. The jet is more strongly affected by the counter-flowing 
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(upward) stream of the lower impeller. As a result of the combined 
influence of both impeller streams, the jet is curved away from the 
vessel axis and impinges on the wall at around ziT = 0.45. The tip of 
the tracer jet can be clearly observed in Figures 6.14 - 6.17 to move 
under the influence of the lower ring vortex (see Chapter 5) from r IT = 
0.25 and ziT = 0.05 at 280 ms to rlT = 0.10 and ziT = 0.20 at 480 ms. 
It should be noted that the propagation of the tip of the tracer jet (e.g. 
around 20 mm in 120 ms between Figures 6.14 and 6.15) is consistent 
with the flow velocities of around 0.05 - 0.1 Vtip that have been 
previously reported (Mahmoudi, 1994). 
By 720 ms after the start of the insertion (Figure 6.17) the tracer can be 
distinguished only below the lower impeller. Finally, Figure 6.18 shows 
the image obtained 1.12 s after the start of the insertion of the tracer. 
The greenish-blue colour observed over the entire flow field in this 
figure indicates that the fluid inside the vessel is almost fully-mixed. 
The time taken to reach this state is shorter than with the single-
impeller configuration (1.80 s). The time to reach fully-mixed 
conditions was 1.68 s, as described below. 
Images obtained for impeller speeds of 1083, 1624 and 2165 rpm revealed 
mixing patterns similar to that observed for 540 rpm. It should be 
noted however that as the impeller speed is increased, more rigorous 
mixing takes place in the vessel, mixing times are shorter, and 
consequently the tracer jet is dispersed progressively more in the upper 
part of the vessel. Although this was also observed in the single 
impeller experiments, it is more pronounced in this case due to the 
more rigorous mixing achieved by the two impellers. 
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Hue analysis of the images obtained for all the impeller speeds 
investigated were performed using the calibration data, to determine 
the mixing times. The average mixing times found were 1.68 s, 0.88 s, 
0.56 s and 0.48 s for impeller speeds of 540, lO83, 1624 and 2165 rpm 
respectively. 
6.4 DISCUSSION 
Since the number of revolutions required to achieve fully mixing in an 
agitated tank is essentially a constant for a particular geometry 
(Tatterson, 1991), N and 8m can be related by : 
N8m = K (6.2) 
where N is the impeller speed in rev / s, 8m is the mixing time in 
seconds, and K is a constant. The values of N8m obtained for both the 
single- and double-impeller configurations are listed in Table 6.1. 
Table 6.1 8m and N8m at various impeller speeds with single- and 
double-impellers. 
Single-impeller configuration Double-impeller configuration 
N (rev/s) Re 8m (s) N8m 8m (s) N8m 
9 10000 1.92 17.28 1.68 15.12 
18 20000 1.04 18.72 0.88 15.84 
27 30000 0.68 18.36 0.56 15.12 
36 40000 0.60 21.60 0.48 17.28 
The average values of 8m were obtained from 4 experiments, with ~e exception of the .case of 
N = 2165 rpm with double-impeller configuration, which was obtaIned from 3 expenments. 
For each experimental condition, the 8m values were repeatable to within ±80 ms. 
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It can be seen from Table 6.1 that the values of Nem for both the single-
and double-impeller configurations are approximately constant up to a 
Reynolds number of 30000. At the higher Re (40000), the values of Ne
m 
for both configurations are higher. These higher values can be partly 
attributed the comparatively long tracer insertion time. The insertion 
time was 0.40 s in all cases, corresponding to nearly 670/0 and 830/0 of 
the mixing times at 2165 rpm for the single- and double-impeller 
configurations respectively. Clearly, shorter insertion times cannot be 
achieved in practice and most studies to-date have employed pulse 
injections of tracer lasting around 0.5 - 1.0 s (for example, Armstrong 
and Ruszkowski, (1988) and Mahmoudi (1994)). Although this 
represents a limitation of mixing times studies carried out in small 
vessels and with high impeller speeds to achieve dynamic similarity, the 
average Nem values are not strongly affected. For example, the average 
values of Nem determined from the experiments at all four Reynolds 
numbers are 18.99 and 15.84 for the single- and double-impeller 
configurations respectively. The corresponding average values for the 
three lower Reynolds number are 17.97 and 15.36 respectively, i.e. they 
are smaller by only 5.4% and 3.1% respectively. 
The average Nem values obtained were compared with those reported in 
the literature for single Rushton turbines. Prochazka and Landau 
(1961) developed a mixing time correlation for a Rushton impeller in a 
baffled tank in the standard configuration above Re = 104 : 
( T)20S7 (X J Nem = 0.905 D log x~ (6.3) 
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where Xc was an initial value at which fluctuated between l.0 and 3.0, 
and the other symbols have their usual meanings. A value of 2.0 was 
recommended for Xo and the quantity Xc was the integral mean value 
of the local degree of inhomogeneity defined as: 
(6.3a) 
where Ci and Cx were the initial and final concentrations respectively, 
and Xc was considered to be 0.05 for most configurations. Using the 
recommended values for Xo and Xc, and substituting the values of T 
and D used in the present work into Equation 6.3, Nem was found to 
be 24.4, which is 22% higher than the value obtained for the single-
impeller configuration in the present work. 
Moo-Young et al (1972) correlated their mixing time results using: 
(6.4) 
where K = 36 and a = 0 for turbines in baffled tanks for 103 < Re < 105 . 
Substituting these values into Equation 6.4, the value of Nem is found 
to be 36. A similar value of Nem was reported by Shiue and Wong 
(1984). They found Nem = 34 for a Rushton impeller located at a 
clearance of C = 0.325H. Again these values are both higher than that 
obtained in the present study for the single-impeller configuration. 
Sano and Usui (1985) provided an expression for mixing times of tracer 
injection for turbines: 
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( D )-1.80 (W )-0.51 _ - 3.8 - -- n 0.47 T T P (6.5) 
where np is the number of blades and the other symbols have their 
usual meanings. Using Equation 6.5 for the single-impeller 
configuration of the present work, the value of Nem was 38.34. For the 
double-impeller configuration, considering the addition of an impeller 
as increasing the number of blades from 6 to 12, the value of Nem 
obtained using Equation 6.6 was found to be 27.68. These two values 
are both higher than those obtained in the present study. For 
continuous flow systems, values of Nem up to 50 have been reported 
(Biggs. 1963). 
There are four likely reasons for the differences between the Nem values 
determined in this work and those reported in the literature. First, the 
wide variation in Nem values obtained with the different published 
correlations (24.4, 34, 36 and 38.34) may be due to differences in 
experimental procedure and/or the definition of when the 'fully-mixed' 
state is achieved (e.g. 90% or 95% of the final concentration of tracer). 
Second, tracer insertion times have not been reported in some of the 
aforementioned studies, but they may affect the Nem value determined. 
Evidence for this is provided in the work of Mahmoudi (1994) who 
employed a single Rushton impeller in a 294 mm diameter vessel which 
was otherwise identical to the 100 mm vessel used in the present study. 
He reported an average mixing time of 12.8 s with an insertion time of 
6.5 s. The corresponding Nem values are around 45 - 50 compared with 
the values of up to 38 reported by other investigators. Mahmoudi's 
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results indicate, as might be expected, that comparatively longer 
insertion times will result in larger NOm values. This is in agreement 
with the findings at Re = 40000 compared with those at lower Re's in 
the present work. 
A third, and more likely, reason might be the vessel size. Kramers et al 
(1953) reported that mixing times are affected by scale: a larger tank 
required a larger number of revolutions (Le. a higher value of Nem) to 
achieve the same degree of mixing. Fourth, impeller blade width and 
thickness could also affect NOm. It has been established (Rutherford et 
al, 1996a) that smaller blade thicknesses result in higher flow numbers 
and this might be expected to affect mixing times as well. There is also 
a substantial effect of blade width on mixing times (Tatterson, 1991), 
but as relevant values are not quoted by many investigators, it is 
difficult to ascertain how large this effect is. 
Although Om values in the transition regime are different (Norwood and 
Metzner, 1960) the flows in all Re's studied in this work are expected to 
be fully-turbulent: this is indicated by the similarity of the Nem values 
determined. 
6.5 EPILOGUE 
The above discussion indicates that, clearly, standardisation of 
., t' . equl'red if differences in procedures used to measure mlXlng Ime IS r , 
the results obtained are to be resolved. Similarly, differences in impeller 
geometry (blade width, thickness etc) and vessel size must be accounted 
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for in the mixing time correlations, as such parameters may affect the 
value of Nem for a particular impeller design. 
The work presented above has shown that the liquid crystal 
thermographic technique developed can be used to characterise the 
transient mixing state in a stirred vessel with considerable accuracy 
and in greater detail than it has been possible hereto. Although hue 
values were used to describe the mixing process here, the corresponding 
temperature values can be readily obtained and consequently 
temperature measurements can also be made. 
Mixing times obtained with the double impeller configuration were on 
average 20% lower than with the single Rushton turbine. However, in 
practice this more rapid mixing must be assessed against the higher 
power draw of the two-impeller system (Mahmoudi, 1994). 
The work has also shown that more detailed studies of mixing are 
required, with an aim to formulate more accurate prediction of Nem by 
taking better account the effects of impeller and vessel geometry. The 
rapid acquisition of data across the vessel which is possible with the 
present technique should prove very useful for such studies. 
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Figure 6.1 Image of half of the flow field 
stirred by a single Rushton impeller at 540 
rpm, 160 ms after the start of the insertion 
of the tracer. 
Figure 6.2 Image of half of the flow field 
stirred by a single Rushton impeller at 540 
rpm, 280 ms after the start of the insertion 
of the tracer. 
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Figure 6.3 Image of half of the flow field 
stirred by a single Rushton impeller at 540 
rpm, 400 ms after the start of the insertion 
of the tracer. 
Figure 6.4 Image of half of the flow field 
stirred by a single Rushton impeller at 540 
rpm, 480 ms after the start of the insertion 
of the tracer. 
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Figure 6.5 Image of half of the flow field 
stirred by a single Rushton impeller at 540 
rpm, 720 ms after the start of the insertion 
of the tracer. 
Figure 6.6 Image of half of the flow field 
stirred by a single Rushton impeller at 540 
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Figure 6.7 Hue contours of half of the flow 
field stirred by a single Rushton impeller at 
540 rpm, 160 ms after the start of the inser-
tion of the tracer. 
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Figure 6.8 Hue contours of half of the flow 
field stirred by a single Rushton impeller at 
540 rpm, 280 ms after the start of the inser-
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Figure 6.9 Hue contours of half of the flow 
field stirred by a single Rushton impeller at 
540 rpm, 400 ms after the start of the inser-
tion of the tracer. 
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Figure 6.10 Hue contours of half of the 
flow field stirred by a single Rushton 
impeller at 540 rpm, 480 ms after the start 




























0.00 T ' I " I , 




CJ > 165 
CJ 150 - 165 
.. 135 - 150 
CJ 120 - 135 
.. 105 - 120 
.. 90 - 105 
Figure 6.11 Hue contours of half of the 
flow field stirred by a single Rushton 
impeller at 540 rpm, 720 ms after the start 
of the insertion of the tracer. 
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Figure 6.12 Hue contours of half of the 
flow field stirred by a single Rushton 
impeller at 540 rpm, 1.80 s after the start of 
the insertion of the tracer. 
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Figure 6.13 Image of half of the flow field 
stirred by double Rushton impellers at 540 
rpm, 160 ms after the start of the insertion 
of the tracer. 
Figure 6.14 Image of half of the flow field 
stirred by double Rushton impellers at 540 
rpm, 280 ms after the start of the insertion 
of the tracer. 
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Figure 6.15 Image of half of the flow field 
stirred by double Rushton impellers at 540 
rpm, 400 ms after the start of the insertion 
of the tracer. 
Figure 6.16 Image of half of the flow field 
stirred by double Rushton impellers at 540 
rpm, 480 ms after the start of the insertion 
of the tracer. 
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Figure 6.1 7 Image of half of the flow field 
stirred by double Rushton impellers at 540 
rpm, 720 ms after the start of the insertion 
of the tracer. 
Figure 6.18 Image of half of the flow field 
stirred by double Rushton impellers at 540 
rpm, 1.52 s after the start of the insertion of 
the tracer. 
CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
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This chapter is divided into three sections. In the first section, a brief 
account of the research carried out is given. In the second, the main 
findings of the thesis are outlined and in the third areas in which 
further work is needed are identified. 
7.1 THE PRESENT CONTRIBUTION 
The object of the research presented in this thesis was to investigate 
the trailing vortex structure and the mixing characteristics in vessels 
stirred by either one or two Rushton impellers. A considerable effort 
was devoted to the design of the mixing vessels and of the Rushton 
impellers, in view of the requirements of the measurement techniques 
employed and of the importance of the geometrical characteristics of 
the vessels and impellers indicated by the literature survey. 
Laser-Doppler anemometry was chosen as the measurement technique 
to determine the velocity characteristics of the flow. Angle-resolved 
(ensemble-averages over 10 of impeller shaft revolution) and time-
resolved measurements of the velocity variations were obtained by LDA 
in a vessel of 100 mm diameter stirred by either one or two Rushton 
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impellers. Ensemble-averaged velocity measurements were also made 
and compared with those obtained in a larger vessel (T = 294 mm) of 
similar geometry to assess the effect of vessel size. 
From the time-resolved measurements, the auto-correlation functions, 
energy spectra and temporal and spatial scales of turbulence of the 
flows induced by both impeller configurations were also obtained. 
Attempts were also made to estimate the values of the rate of 
dissipation of kinetic energy of turbulence in the impeller stream for 
the single-impeller configuration. 
A considerable effort was also devoted to the development of the liquid 
crystal thennographic technique for the measurement of mixing time. 
The technique made use of temperature as a passive scalar to determine 
the transient temperature/ concentration field in the vessel. This 
technique was developed in three stages. During the first two stages, 
the technique was applied in a specially-built vessel to study free 
convection and forced convection flows in order to establish the 
feasibility of its application for the measurement of mixing time. 
Subsequently, the technique was employed to measure mixing times in 
the 100 mm diameter vessel for flows agitated by one and two Rushton 
impellers. The technique enabled unobtrusive measurements of mixing 
time across the whole vessel to be made. 
7.2 MAIN FINDINGS OF THE INVESTIGATION 
Detailed LDA measurements were made which provided an extensive 
quantification of the flow fields around the impeller for both the single-
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and double-impeller configurations. The flows in the vicinity of the 
impeller(s) were found to be predominantly periodic. In the single-
Rushton case, periodicity wa d s pronounce over a region of 
approximately cylindrical shape centred on the impeller disk and 
contained within a radius of 1.0 D and a height of 0.6 D. With two 
impellers. there was a corresponding cylindrical region where flow 
periodicity was predominant; this region was centred around the vessel 
axis and had a radius of 1.0 D and a height of 1.2 D. 
The location of the trailing vortex axis was determined from the LDA 
measurements. It was found to be very similar to those determined in 
previous investigations with similar impeller and vessel geometries. For 
the double-impeller configuration, the axis is curved more towards the 
axis of the vessel due to the stronger tangential flow induced by the 
presence of the second impeller. 
Comparisons of the mean velocity and turbulence level distributions in 
the vicinity of the single Rushton impeller and of the location and 
shape of the axes of the trailing vortices generated by both the single 
and double impellers, showed excellent scaling of the mean flows and 
turbulence in the 100 and 294 mm vessels. However, comparisons with 
previously published results showed clearly that all geometrical 
characteristics of the impeller(s) and vessel must be precisely scaled if 
accurate conclusions on scale-up are to be drawn. It should be 
emphasised that this finding has very important implications for stirred 
reactor design and precise scaling of the stirred reactor geometry must 
be ensured in practice if comparisons of the results obtained in vessels 
of different sizes are to be meaningful. 
258 
The turbulence in the Vicinity of the impeller blades was shown to be 
anisotropic. This was indicated both through comparisons of the 
relative magnitudes of the three rms velocity components, as well as 
from the slopes exhibited by the corrected (non-periodic velocity) energy 
spectra for both the single- and double-impeller configurations. The 
turbulence becomes less anisotropic with increasing distance from the 
impeller blade. The three rms velocity components were similar at 
distances of r/T = 0.25 from the axis for both configurations. 
The results have also shown that 3600 ensemble-averaged 
measurements may Significantly overestimate the turbulence levels near 
the impeller blades and 1 0 angle-resolved and/or time-resolved 
measurements should be used to characterise the flows within the 
regions specified earlier. 
The number of velocity realisations near the impeller blades was found 
to vary conSiderably with blade angle <1>. This finding has important 
implications for the correct characterisation of mean velocities and 
turbulence levels. This data rate variation has not been identified 
before but should be taken into account in future work. 
The temporal and spatial scales of turbulence in the impeller streams 
were estimated from time-resolved measurements of the radial velocity, 
for both the single- and double-impeller configurations. With one 
impeller, integral time scales varied from 0.25 ms near the blade to 1.20 
ms at r/T = 0.35; the corresponding values of the micro time scales 
were 0.11 ms and 0.20 ms respectively. The length scales were estimated 
using the local mean velocity as the characteristic convective velOCity; 
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the integral length scales varied from 0.6 mm near the blade to 1.5 mm 
at r IT = 0.35, while the micro length scales were nearly constant, 
approximately 0.25 mm. The dissipation of the kinetic energy of 
turbulence was calculated from the integral length estimates; its 
values, normalised by N3D2, were 38 near the blade and 3 at r/T = 0.35 
The corresponding results obtained with two impellers showed that it 
may be more appropriate to calculate turbulent scales and £ from time-
resolved measurements of the velocity component at 45° to the 
horizontal due to the inclination of the impeller stream. However, it is 
expected that the assumptions and apprOximations involved in the 
calculation of the length scales and £, although widely adopted in many 
earlier investigations (e.g. Kresta (1991), Ruszkowski (1992)), are not 
appropriate for many parts of the flow studied. For this reason, no 
attempt was made in this thesis to formulate an energy balance around 
the impeller based on the power input and the £ values calculated using 
the length scale estimates. 
The LCT technique was successfully applied to measure the mixing 
times in the single- and double-impeller configurations for four 
rotational speeds. The Nem values for the single- and double-impeller 
configurations were found to be, on average, 19 and 16, respectively. 
Comparison of the above Nem value for the single impeller with those of 
earlier investigations indicates that mixing time might be affected by 
vessel size. 
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7.3 RECOMMENDATIONS FOR FUTURE WORK 
The results of the present investigation have shown that there are two 
main areas for further work: improvements in the measurement 
techniques employed should be investigated in order to improve their 
accuracy and further studies of stirred reactor flows are reqUired to 
improve the understanding of mixing processes. 
Due to the apprOximations involved in the determination of the length 
scales and therefore of the rate of dissipation of the kinetic energy of 
turbulence, a more appropriate technique is necessary. For more 
accurate measurements of Ax, Ax and £, a two-measurement volume 
laser anemometer could be promising and should be investigated in 
future work. 
The mixing time measurements showed that although the method 
developed is very suitable for such work, better illumination of the flow 
field is necessary for the LCT experiments. To this end a collimated 
sheet of light from a white light laser may provide a significantly more 
unifonn means of illumination and such an arrangement should be 
tested. The white light of such a laser is however produced by the 
mixing of three (red, green and blue) beams; therefore it must be 
ascertained first whether the crystals will display colours other than 
those corresponding to the wavelengths of the three beams. 
The non-unifonnities of the illumination in the present LCT experiment 
prevented more detailed local mixing information being obtained. This 
is evident from the scatter in the hue distributions presented in 
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Chapter 6. Provided the illumination can be improved, for example in 
the manner described above, LCT data could be analysed further to 
quantify the degree of mixing at locations throughout the vessel. 
The present LeT technique allows only the mixing time to be obtained 
and separate experiments must be made to determine the velocity 
characteristics. It would be interesting to determine whether LCT could 
be employed simultaneously with Particle Tracking Velocimetry (PTV) to 
detennine both the mixing time and the mean velocity. 
The literature review indicated that there is little information on flows 
produced by more than one impeller. The work presented in Chapters 5 
and 6 in this thesis has gone some way to bridge the gap, but clearly 
further studies of multi-impeller flows are required, especially where 
impeller interaction is important: for example, the diverging flow 
pattern produced with two Rushton turbines (Mahmoudi and 
Yianneskis (1991, 1992)) shows promise for lifting solids off the bottom 
of the vessel and deserves further study. The work should also be 
extended to solid -liquid flows in stirred tanks. At present LDA data can 
only be obtained for very dilute particle concentrations due to laser 
beam blockage by the particles. This limitation could be overcome by 
applying the refractive-index matching technique employed by Nouri et 
al (1987b) for dense solid-liquid flows in pipes to stirred tanks to allow 
beam penetration with high solids concentrations. 
The velocity measurements showed good scaling between the two vessel 
sizes. Scaling effects must however be further investigated through 
measurements in larger vessels to verify the scaling of the flow and 
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turbulence described above. Similarly, the LCT technique should be 
applied to measure mixing times in larger vessels, as previous work has 
shown that vessel size may affect the mixing characteristics. Clearly, 
the illumination problems mentioned above will be more significant in 
larger vessels and this work cannot proceed until a suitable means of 
providing uniform illumination across the whole vessel has been 
identified. Scaling rules should also be established for Newtonian flUids 
of different viscosities. 
Finally, this investigation concentrated on the Rushton impeller due to 
its wide use in practice and its acceptance as a 'baseline' case for 
mixing studies. There are further aspects of Rushton impeller flows 
that deserve study: For example, in view of the findings of Kusters 
(1991), Rutherford et al (1996a) and this thesis, the effect of impeller 
disk thickness on the mean flow and turbulence must be established. 
In addition, LDA and LCT measurements similar to those presented 
here are urgently required for other impeller geometries not only to aid 
both the understanding of the flows and optimisation of mixing 
processes, but also to provide much-needed data for the validation of 
CFD predictions of the flows. 
As the present work and that of Rutherford et al (1996) has shown in 
relation to blade thickness effects and scale-up, a major barrier to the 
improvement of the understanding of fluid mixing processes is the lack 
of fundamental knowledge in many areas. For example, there is 
conflicting evidence on the effect of hub size and shape on the flow 
(Stoots and Calabrese (1994), Mahmoudi (1994), Ruszkowski (1992)), 
and on the most appropriate method for the calculation of energy 
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dissipation in stirred tanks (Kresta (1991), Wu and Patterson (1989)). 
Therefore, it is necessary to undertake further small-scale work and 
investigate systematically fundamental aspects of the mixing process 
before useful conclusions can be drawn from studies carried out in 
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